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Abstract 

We present a complete study of the one graviton-two neutral gauge bosons vertex at 1-loop level in the 
electroweak theory. This vertex provides the leading contribution to the interaction between the Standard 
Model and gravity, mediated by the trace anomaly, at first order in the inverse Planck mass and at second order 
in the electroweak expansion. At the same time, these corrections are significant for precision studies of models 
with low scale gravity at the LHC. We show, in analogy with previous results in the QED and QCD cases, 
that the anomalous interaction between gravity and the gauge current of the Standard Model, due to the trace 
anomaly, is mediated, in each gauge invariant sector, by effective massless scalar degrees of freedom. We derive 
the Ward and Slavnov- Taylor identities characterizing the vertex. Our analysis includes the contributions from 
the improvements of the scalar sector, induced by a conformally coupled Higgs sector in curved space. 
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1 Introduction 

This work is the fourth in a sequence of investigations [H 0, 0| , motivated by the original analysis of Q , aimed at 
studying the precise structure of the anomalous effective action which describes the anomalous breaking of scale 

n 

invariance in the Standard Model (SM). Here we expand and fill in the details of a previous study _5]. 

This breaking is induced by the trace anomaly 0, Q and can be extracted from the exact computation of a set of 
diagrams involving, to leading order in the gravitational constant and in the gauge couplings, the graviton-gauge- 



gauge vertex. The work is a natural extension and an application of remarkable classical studies [8|, |9|, [lOl of the 
energy momentum tensor and of the corresponding trace anomaly in gauge theories. 

In the case of a gravitational background characterized by a small deviation with respect to the flat spacetime 
metric, this vertex is described by the correlation function containing one insertion of the energy momentum tensor 
(EMT) (denoted as T) on the correlation function of two gauge currents (denoted as V,V'). If we allow only 
conformally coupled scalars and operators only up to dimension-4 in the Langrangian Q 01 1 the EMT is uniquely 
defined by gravity and takes the form of a symmetric and (on-shell) conserved expression. In the massless limit, 
which in our case is equivalent to dealing with an unbroken theory (i.e. before electroweak symmetry breaking) the 
EMT is classically (on-shell) traceless. 

As remarked in [4| and in our previous studies in the context of QED ,1] and QCD 2], the study of this correlator 
is interesting in several ways and allows to address some important issues concerning anomaly-mediated interactions 
between the SM and gravity. At the same time, this program is part of an attempt to characterize rigorously in 
quantum field theory the effective action which describes the interaction between matter and gravity beyond tree 
level, showing some interesting features, such as the appearence of effective massless scalar degrees of freedom as 
mediators of the breaking of scale invariance , in close analogy with what found in the case of chiral gauge theories 
3eside these theoretical motivations, these corrections find direct application in collider studies of 
low scale gravity, a point that we will address in a related work. 

In a theory such as the SM, the breaking of scale invariance is related both to the trace anomaly and to the 
spontaneous breaking of the gauge symmetry by the Higgs mechanism and both contributions may become 
significant in some specific scenarios. For example, the enduring discussion over the cosmological implications of 
the quantum breaking of scale invariance has spanned decades 16|, Il7| , since the work of Starobinsky [18| , with his 
attempt to solve the problem of the cosmological "graceful exit" that predated inflationary studies. At the same 
time, the treatment of the trace anomaly using more refined approaches such as the world-line formulation, has 
allowed for new ways to investigate the corresponding effective action |l9| . 

The computation of the effective action which underlies this interaction is, in principle, rather challenging not 
only for the large number of diagrams involved, but also because of the need of a consistent way to define these 
interactions. The ambiguity present in the definition of the fermion contributions, for instance, requires particular 
care, due to the presence of axial- vector and vector currents in an external gravitational background. These have 
been analyzed building on the results of Q ; which provides the ground for the extensions contained in the present 
study. The current analysis is far more involved than any previous study of ours, due to the appearance of a larger 
set of diagrams in the perturbative expansion. Their definition requires a suitable set of Ward and Slavnov- Taylor 
identities (STFs) which need to be identified from scratch and that we are going to discuss in fair detail. These are 
essential in order to establish the correctness of the computation and of the chosen regularization scheme, which is 
dimensional regularization with on-shell renormalization. 

When we move from an exact gauge theory to a theory with spontaneous breaking of the gauge symmetry such 
as the SM, the contributions coming from the trace anomaly and from mass corrections are harder to disentangle, 
since the massless limit is not an option. However, even under these conditions, there are two possible ways of 
organizing the contributions to the 1-loop effective action which may turn out handy. The first expansion, obviously. 
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is the usual 1/m expansion, where m is a large electroweak mass, valid below the electroweak scale. The second 
has been first discussed in a previous work [12] and is characterized by the isolation of the anomalous massless 
pole contribution from the remaining subleading Oiw? /s) corrections. These can be extracted from a complete 
computation. 

The goal of this work is to discuss the role of the interactions mediated by the conformal anomaly using as a 
realistic example the Lagrangian of the SM, by focusing our investigation on the neutral currents sector. A similar 
analysis will be presented for the charged current sector in a forthcoming separate work. These contributions play a 
role, in general, also in scenarios of TeV gravity and as such are part of the radiative corrections to graviton-mediated 
processes at typical LHC energies. 

1.1 Organization of this work 

Our work is organized as follows. In section [2] we will provide the basic definition of the energy momentum tensor 
in a curved spacetime, followed by a direct computation of all of its components according to the Lagrangian of 
the SM (section [S]) . We then move to briefly summarize some important issues which concern the structure of 
the effective action, highlighting its perturbative properties, first among them the appearance of massless (scalar) 
effective degrees of freedom (anomaly poles) in the QED and QCD cases. In sections [5] and [6] we derive the 
fundamental Ward and Slavnov- Taylor identites which define the structure of the TVV vertex, expanded in terms 
of its TAA, TAZ and TZZ contributions, where T couples to the graviton and A and Z are the photon and the 
neutral massive gauge boson, respectively. Complete results for all the amplitudes are given in section [71 expressed 
in terms of a small set of form factors. As we are going to show, the contribution to the anomaly comes from a 
single form factor in each amplitude, multiplying a unique tensor structure. These form factors are characterized by 
the appearance of a massless pole with a residue that can be related to the beta function of the theory and which 
is the signature of the anomaly [l3| . We have extensively elaborated in previous works on the significance of such 
contributions in the ultraviolet region (UV) 5]. 

In the presence of spontaneous symmetry breaking the perturbative expansion of these form factors can be 
still arranged in the form of a l/s contribution, with s being the invariant mass of the graviton line, plus mass 
corrections of the form w^/s, with v being the electroweak vev. The computation shows that the trace part of the 
amplitude is then clearly dominated at large energy (i.e for s 3> w^) by the pole contribution, as we will discuss in 
section [9l Our conclusions and perspectives are given in section [TOl Several technical points omitted from the main 
sections have been included in the appendices to facilitate the reading of those more involved derivations. 



2 The EMT of the Standard Model: definitions and conventions 

The expression of a symmetric and conserved EMT for the SM, as for any field theory Lagrangian, may be obtained, 
more conveniently, by coupling the corresponding Lagrangian to the gravitational field, described by the metric g^i, 
of the curved background 

S^Sg + Ssm + Si = —^J d^xV^ R + I d^xV^CsM + \ j d^x^ RH^H , (1) 

where = IGttGat, with Gn being the four dimensional Newton's constant and Ti. is the Higgs doublet. We recall 
that Einstein's equations take the form 

^ SG = -^47r-.[SsM + Si] (2) 



and the EMT in our conventions is defined as 



a 



or, in terms of the SM Lagrangian, as 

which is classically covariantly conserved {g'^'^Tf^i.-.p = 0). In flat spacetime, the covariant derivative is replaced by 
the ordinary derivative, giving the ordinary conservation equation (d^T^'^ ~ 0). 

We use the convention 77^,^ = (f,— f,— f,— I) for the metric in flat spacetime, parameterizing its deviations from 
the flat case as 

gf.i' (x) = + Khp^{x) , (5) 

with the symmetric rank-2 tensor hfii,{x) accounting for its fluctuations. 

In this limit, the coupling of the Lagrangian to gravity is given by the term 

Cgrav{x) ^ -'^T'"'{x)hfj,^{x). (6) 

The corrections to the effective action describing the coupling of the SM to gravity that we will consider in our work 
are those involving one external graviton and two gauge currents. These correspond to the leading contributions 
to the anomalous breaking of scale invariance of the effective action in a combined expansion in powers of k and of 
the electroweak coupling (32) (i.e. of 0(Kg|)). 

Coming to the fermion contributions to the EMT, we recall that the fermions are coupled to gravity using the 
spin connection fl induced by the curved metric g^^. This allows to define a spinor derivative V which transforms 
covariantly under local Lorentz transformations. If we denote with a,b the Lorentz indices of a local free-falling 
frame, and denote with a— the generators of the Lorentz group in the spinorial representation, the spin connection 
takes the form 

1 

where we have introduced the vielbein (x) . The covariant derivative of a spinor in a given representation (R) of 
the gauge symmetry group, expressed in curved (2?^) coordinates is then given by 



%{x)^;-a^V:'{x)V!,..,^{x), (7) 



^A. = ^+f^M+^M, (8) 

where = A" T'^^^'' are the gauge fields and T''^^-' the group generators, giving a Lagrangian of the form 



C = V^gi- 



rmpip > . (9) 



Contributions to T^j^ 



In this section we proceed with a complete evaluation of the EMT for the SM Lagrangian coupled to gravity. We 
will do so for the entire quantum Lagrangian of the SM, which includes also the contributions from the ghosts and 
the gauge-fixing terms. Details on our conventions for this section have been collected in appendix (fX)) . 
The full EMT is given by a minimal tensor T^^*" (without improvement) and a term of improvement, T^^, generated 
by the conformal coupling of the scalars 

T,.^T^'r+T^., (10) 

where the minimal tensor is decomposed into 

rpAIin . rjif.s. I rpferni. _j_ rpHiggs , rpYukawa i rpg.f ix. , rpghost M 1 ^ 
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3.1 The gauge and fermion contributions 

The contribution from the gauge kinetic terms derived from the field strengths of the SM is 



(12) 



where J^°^, J^^, Z^j^ and are respectively the field strengths of the gluon, photon, Z and fields defined in 
appendix (fX)) . The fermion contribution is rather lengthy and we give it here for a single fermion generation 

rpferm. _ 



1 — 7^ + - 1 — 7' 

/K ■ n \ ^"^^ O ^'^ + ^e^A' o ^-^e 



1 - 7^ 



+ 



e 7 l-7%7 e - 

smzt'vK 2 sm2t^vF 

V2sm^n/ V z I 



— 2 sin^ I V'e 



sin 20VK 



V'«7a< 



1 — 7^ 2\ e-/l — 7^ 1' 

— 2 sin^ Qw V"" ■Z'^ . ^^^7^ — 2 sin^ - ) ?/'<i 

2 3/ sm2t'vK V 2 3/ 



/ 1 5 1 ^ 

^ ^ ^ V^..7;.^^^e + V;e7p^^^.= 

\/2smC'w \ ^ ^ 



e - 1 — 7^ 



■06 7m I — 7, 2 sin^ Ow ] 



V2sm6'H' V ^ ^ 



e - / 1 - 7 

V'n7M| 



sin 26w 



2 sin t: "^u ^i/ 



-|^^<^7. - 2 sin^ ^H^- ) Z^ 



+ eA^ ( - V'e7MV'e + ^ i^ulfj.i'u " 1pdJtJ.^Jd ) + ffsG^ ( 0„7^i"V'u + i'dlfit°'i^d 



+ ifJ. ^ v) 



(13) 



where '0^^, V'e, ■0u and V'd are the Dirac spinors describing respectively the electron neutrino, the electron, the up 
and the down quarks while £/erm. is given in appendix (f5| . 

3.2 The Higgs contribution 

Coming to the contribution to the EMT from the Higgs sector, we recall that the scalar Lagrangian for the Higgs 
fields {H) is given by 

Cu^ {d'"h)\d^'H) + iiln^n-xin^nf ^^,a>o, (u) 

with the covariant derivative defined as 



(15) 



where, in this case, T° = cr°/2 are the generators of SU{2)l, Y is the hypercharge and the coupling constants g 
and g' are defined by e = sin^vi^ — g'cos0w- As usual we parameterize the vacuum "Ho in the scalar sector in 
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terms of the electroweak vev v as 



(16) 



V2 



and we expand the Higgs doublet in terms of the physical Higgs boson H and the two Goldstone bosons ^ as 



n = 



^{v + H + ict>) 



then the masses of the Higgs (mn) and of the W and Z gauge bosons are given by 

mH = V2iJ,-H, Mw = ^gv, Mz = 9'^ +9'"^ v. 
We obtain for the energy-momentum tensor of the Higgs contribution the following expression 



rpHiggs 



+ MfZ^Z, + Ml^{W+W- + W+W-) 

+ Mw {W-d,cj>+ + W-d^ct>+ + W+d^r + W+d^r) + Mz{d^cj>Z^ + d,cj>Z^) 

+ ^HiW^W- + W^W-) + ^HiZ,Z.) 

[w+ du {H + Kj))) - W+ ((/." L {H + 

w- (<A+ L {H - i4>)) + w- (4>+ {H - i4>)) 

+ ie {A^ + cot 20wZf,) (^cj)- "dv 0+) + ie {A^ + cot 26*1^^1.) {f 5^ 4''^^ 
r / « \ / « ^ 

zA<^d^ii\+zA<\>d^E 



2 sin Qw 

e 



w 



+ 



+ 



+ 



sin 26 w 

ieMzsmOw [Z^ {W+r - W-cP+) + Z, (W+r - W7<A+)] 
ieMw [A^ {W- - W^r) + {W- - W^r)\ 

[{W+W- + W+W- + 2Z^Z,)] 



le 



2 cos 6w 
4 sin'' 6*14^ 



H [z^ {w+r - + z, {w+r - W-4+)] 



{W+W-+W+W- + 2Z^Z, 



b+r {W+W- + W+W-) 



2 sin 9w 



2 cos 6*14^ 



H [A^ - i^+r ) + A. {w-ct>+ - w+r)] 

[Z^ {W+r + W-<t>+) + Z, {W+r + 
[A^ {W-ci>+ + WU~) + A. {W-cj>+ + W^+r )] 



2 sin 6w 

+ cot^ 26w(l)'^(l)~Z^Z^ + 4,+ (j)' A^A^ + 2e^ cot 26»vy0+(?i- {A^Z^ + A^Z^) . 



(17) 



(18) 



(19) 



In the Higgs Lagrangian Cniggs and in the third line of the previous equation we have bilinear mixing terms involving 
the massive gauge bosons and their Goldstone. These terms will be canceled in the i?| gauge by the EMT coming 
from the gauge-fixing contribution. 
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3.3 Contributions from the Yukawa couplings 

The expression of the contributions coming from the Yukawa couphngs are derived from the Lagrangian 

^Yukawa = ^Yukawa ~^ ^Yukawa ' (^^) 

where the Icpton part is given by 



Yukawa 



while the quarks give 



Yukawa 



(21) 



(22) 



In the previous expressions the coefficients Ae, A„ and Xd are the Yukawa couphngs, L = (ip^^ ''Pe)L and Q = 
{i'u 'fpdjL are the lepton and quark SU{2) doublet while the suffix R on the spinors identifies their right components. 
The contribution from this sector to the total EMT is then given by 



T, 



Yukawa 



^]fiv ^Yukawa 



\/2si 



sm ow 



M, 



w 



+ 



rrid 
Mw 



Mw 



TpuPLlpd - 4> i>dPRi>i, 



+ i 



2sin( 



'w 



— ^(/) UlePR^e - i^ePhlpe) + H— (^JdPR.i'd - IpdPLlpd) 
1VI\Y IVlw 



+ 'TT~^ (ipuPLipu - iPuPriI^u) 



eH 



2 sin 9w Mw 



meVe'i/'e + rUdlpdll^d + TO„V«V'« 



(23) 



In the expression above we have used standard conventions for the chiral projectors Pr^l — (li7^)/2- For 
simplicity we consider only one generation of fermions. 



3.4 Contributions from the gauge-fixing terms 

The contribution of the gauge-fixing Lagrangian can be computed is a similar way. We will work in the gauge 
where we choose for simplicity the same gauge-fixing parameter ^ for all the gauge sectors. In this case we obtain 
(see also appendix 



rpg.fix. 



+ ^dPiApd-'A,) + ^dP{Zpd''Z^) + [W+d'^W^ + W-d^W+] 



(24) 



7 



rpghost 



3.5 The ghost contributions 

Finally, from the ghost Lagrangian one obtains the ghost contribution to the EMT, which is given by 



■q {cosOwZi, + sin 6*^ Ay) — {cofiBwVz + s,VL\6w'riA)W^ 



rj (cos^w'^p + sin6'vi/A^) — [cosOwrjz + fiinOwVA)W 



+ d,{cosOwf + sinewn^) [W^Tl- - W-r/+] | , (25) 

where c", -q^^ rf' and ly^ are respectively the ghost of the gluon, photon, Z and bosons while Cghost is the SM 
Lagrangian for the ghost fields defined in appendix @ . 



3.6 The EMT from the terms of improvement 

The terms of improvement contribute with an EMT of the form 



T, 



WH 



(26) 



4 The integrated anomaly and the nonlocal action 

Before dealing with the actual computation of the various vertices of the neutral currents sector involving one 
insertion of the EMT, we briefly review the issue of the extraction of the anomaly poles from these correlators, in 
order to render our treatment self-contained. We proceed from the QED case and then move to QCD. 
We recall that the expression of the trace anomaly 



2& 6*2 + 26' I E--UR] +2cF'^ 



(27) 



brings in the problem of defining an appropriate action whose EMT satisfies Eq. 1271 Such an action, obtained 
by integration of the anomaly (anomaly-induced action) can be searched for by trial and error and is, in general, 
nonlocal. The solution was given by Riegert long ago [2Q] in the form 



Sano,n[9,A] ^^J d^x^ j d\' ^ [e - '^UR^ Gi(x,x') 2b G'' + b' (^E-^DR^ +2cF^,F^-' 



(28) 



where 6, b' and c are parameters. For the case of a single fermion in an abelian gauge theory they are given by 
b = 1/320 TT^, b' = — 11/5760 TT^, and c = — 6^/24 tt^. is the square of the Weyl tensor and E is the Euler density 
given by 

i?2 



G' = C. 



C^^"" - i?Au.pi?^^"'' - 2R.,R'''' 



(29) 
(30) 
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The notation 6*4 denotes the Green's function of the differential operator defined by 

A4 = ( V^V" + 27?^" - "^Rg^"] V. = + 2R'"'W^W, + ^(V^i?)Vp - '^DR. (31) 



As shown in 



21 



, 3| Performing repeated variations of the " anomaly induced" action [51] with respect to the back- 
ground metric 5^1, and to the Aa gauge field, here taken as a background, one can reproduce the anomalous 
contribution of correlators with multiple insertions of the EMT or of gauge currents. Notice that an anomaly- 
induced action does not reproduce the homogeneous contributions to the anomalous trace Ward identity, which 
require an independent computation in order to be identified. Obviously, as the rank of the correlator increases the 
perturbative study of these correlation functions becomes more and more involved. Notice also that such an action 
does not account for all those terms which are responsible for the explicit breaking of scale invariance. In the case 
of the Standard Model such terms are obviously present in the spontaneosly broken phase of the theory and provide 
important corrections to the anomalous correlators. 

An important issue concerns the reformulation of this action in such a way that its interactions become local. 
This important point has been analyzed in [21] . The authors introduce two scalar fields ip and which satisfy 
fourth order differential equations 

A^^^UE-laR), (32a) 



2 V 3 , 

which allow to express the nonlocal action in the local form 

Sanom = b' S^fl^ + bSi2m + | / d'^Xy^ F^.F^V , (33) 



where 



Si2^^ J d'x^g |-(n^)(n^) + 2(^i?^''-|g^'') (V^^)(V.V) 



(34) 

The equations of motion for -0 and Lp (j32bp can be obtained by varying [33] with respect to these fields. Notice 
that in momentum space, these equations, being quartic, show the presence of a double pole in the corresponding 
energy momentum tensor. This can be defined, as usual, by varying [33] with respect to the background metric. The 
reduction of this double pole to a single pole has been discussed in the same work, using a perturbative formulation 
of the local action around the fiat metric background. In particular the field tp has to be assumed of being of first 
order in the metric fiuctuation h^i,. With this assumption, the quartic pole is reduced to a single pole and the 
action takes the simpler form 

Sano.n[g, ^l^^^j d^Xy^ J d^x'^R, D^^, [F„^F"^],,. (35) 

Notice that this action is valid to first order in metric variations around fiat space. Its local expression is given by 



Ag^A'^'p^i^'] = / d'^xy^ 



(36) 
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(a) (b) 

Figure 1: The pole contribution as a collinear exchange of a fermion/antifermion pair (a) and the diagrammatic 
representation of the anomaly pole (b) . 

The equations of motion of the auxiliary fields are also now of second order and take the form 

ip' = bni^, (37a) 

□^' = ^J^a,3F"^ (37b) 

□ ^ = (37c) 

R, in the equations above, is the linearized version of the Ricci scalar 

R^dldlh^"" ~Uh, h = r]^^h^'r (38) 

A similar approach can be followed in the case of the chiral anomaly [l^, 0) 0| • 

A perturbative test of the pole structure identified in the anomaly induced action is obtained by a direct 
computation of the correlator TAA, with the insertion of the EMT on the photon 2-point function (AA) at nonzero 
momentum transfer. This test has been performed in QED 0, El and generalized to QCD in the 2-gluon case 
The advantage of a complete computation of the correlator, respect to the variational solution found by inspection, 
is that it gives the possibility of extracting also the mass corrections to the pole behaviour [1]. In fact, anomaly- 
induced actions analogous to Eq. (|28)) are not available for spontaneosuly broken gauge theories coupled to gravity. 
The origin of the pole contribution in the effective action can be attributed to a special region of the triangle diagram 
- which is responsible for the generation of the trace anomaly at perturbative level - in momentum space. This 
region is identified by a computation of the spectral dcnstity p{s) of this diagram which turns out to be proportional 
to a delta function (6{s)), with s denoting the virtuality of the graviton line (see the discussion in [^). A similar 



behaviour of the spectral density is found for the anomaly loop [22 1. 

The kinematical region which is responsible for such behaviour is briefly illustrated in Fig. [TJ For instance, in 
the QED case this singular spectral density is generated when we set on-shell the two fermion lines of the anomaly 
loop, cut in the s-channel. In this configuration the virtual graviton decays into two on-shell fermions which move 
coUinearly before reaching the final state, where they decay into two photons (Fig. [l](a)). The exchange of a simple 
pole (Fig. [T] (b)) accounts for the contribution coming from this kinematical region, and should be viewed as a 
dynamical effect. The similarity between the gravitational and the chiral case is indeed rather striking, since the 
decay of an axial vector current into two vector currents, which is the source of the axial anomaly, can be equally 
described by a diagram similar to (Fig. [l](b)), with the role of the scalar exchange taken by an interpolating field 
with the quantum numbers of the pion, and the graviton replaced by an axial- vector current. 



5 The master equation of the Ward identities 

In this section we proceed with the derivation of the Ward identities describing the conservation of the EMT starting 
from the case of a simple model, containing a scalar, a gauge field and a single fermion in a curved spacetime and then 
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moving to the case of the full SM Lagrangian. In both cases we start with the derivation of two master equations 
from which the Ward identities satisfied by a specific correlator can be extracted by functional differentiations. 

We denote with S[V^,(l),ip,Afj] the action of the model. Its expression depends on the vielbein, the fermion 
field ijj, the complex scalar field </> and the abelian gauge field A^. We can use this action and the vielbein to derive 
a useful form of the EMT 



1 SS 



1/2 



(39) 



in terms of the determinant of the vielbein V{x)= \ V^{x) \ . Notice that this expression of the EMT is non-symmetric. 
The symmetric expression can be easily defined by the relation 



that will be used below. 

We introduce the generating functional of the model, given by 



(40) 



x,x\ 



V(f>V(j)WipViljVAf, exp<^ iS[V, </>, A^] + 



Jt(x)0(x) +0^(a;)J(x) 



+ x(x)V'(a;) + '4>ix)xix) + J''{x)A^{x) 



(41) 



where we have denoted with J{x), J^{x) and xi^) the sources for the scalar, the gauge field and the spinor field 
respectively. We will exploit the invariance of Z under diffeomorphisms for the derivation of the corresponding 
Ward identities. For this purpose we introduce a condensed notation to denote the functional integration measure 
of all the fields 



and redefine the action with the external sources included 

S = S + i I dt^x {J^'A^, + j\x)(l){x) + x{x)i}j{x) + h.c.) 



(42) 



(43) 



Notice that we have absorbed a factor \/~-g in the definition of the sources, which clearly affects their transformation 
under changes of coordinates (see also appendix (IbI)). 

The condition of diffeomorphism invariance of the generating functional Z gives 



Z[V, J, Jt, X, X, J1 = Z[V\ J', J'\x', x', / 1 



(44) 



where we have allowed an arbitrary change of coordinates x ^ — F^{x) on the spacetime manifold, which can be 
parameterized locally as x — x^ + e^{x). The measure of integration is invariant under such changes (!?$' — I?$) 
and we obtain to first order in e^(x) 



V<^ e'^ + i I d^xd^y 



VQ^' 



5(^\x - v)d.VHx) - [9^<5(4)(x - y)]V^ 



-d,[5^^\x - y)j\x)]4>{x) - <t>\x)d,[5^^\x - y)J{x)\ 
-d,{8^^\x - y)x{x)MAx) - ^,{x)d,{8^'^\x - y)x[x)\ 

-[9.[J^(x)<5(4)(x - y)\ + {dpb^^\x - yW,J''{x)\A^(x)\^^\y)\j. (45) 

This expression needs some further manipulations in order to be brought into a convenient form for the perturbative 
test. Using some results of appendix [B] we rewrite it in an equivalent form and then perform the fiat space-time 
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limit to obtain 



V<i>e 



iS 



0. 



(46) 



A more general derivation is required in the case in which we have a theory which is SM-like, where we have more 
fields to consider. The master formula that one obtains is slightly more involved, but its structure is similar. Before 
specializing the derivation to the neutral sector of the SM we discuss the Ward identity for the amputated Green 
functions obtained from this functional integral. 



5.1 The master equation for connected and IPI graphs 

We can extend the above analysis by deriving a different form of the master equation in terms of the generating 
functional of the connected graphs {W) or, equivalently, directly in terms of the effective action (F), which collects 
all the 1-particle irreducible (IPI) graphs. The Ward identities for the various correlators are then obtained starting 
from these master expressions via functional differentiation. For this purpose we extend the generating functional 
given in ()4ip by coupling the model to a weak external gravitational field hap 



d'^xh°'^{x)T^p{x) 



The generating functional of connected graphs is then given by 



exp <^ iW[J, J\ J'', X, X, Kfs] \ = 



m 



normalized respect to the vacuum functional Z[{)\. From this we obtain the relations 



Cj)c(x) 



5W 



0t(x) 



5W 



1 Ipcix) 



6W 



i>cix) 



sw 



SW 



(47) 



(48) 



(49) 



6J^x)' ' 5J{x)' 6x{x)' 5x{.x)' SJ^{x) 

for the classical fields of the theory, identified by a subscript " c" . The effective action is then defined via the usual 
Legendre transform of the fields except for the gravitational source hap 



F[0e,<^t^A^,^e>c,M = W[J,j\j^',x,X,hap]~ d'^x 



j\x)4>,{x)+<t>l{x)J{x) 



+ Vc(a;)x(a;) + i'c{x)x{x) + J^'{x)A^^{x) 



which satisfies the relations 

5T 5T 



-J{x), 



5T 



-X{x), 



5V 



5T 



-J^{x). 



S(j)c{x) " 5(t)l{x) Sipc{x) S^pdx) SAcfj.{x) 

Notice that the functional derivatives of both W and F respect to the classical background field hap coincide 

SW _ ST 

Shapix) Shap{x) ' 

Therefore, the Ward identity can be rewritten in terms of the connected functional integral as 

SW 



(50) 



(51) 



(52) 



da 



Sh, 



Sx 



Sx 



(53) 
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or equivalently in terms of the IPI generating functional 

sr 

SAca 



having used dH]), dCT]), dS!]) , dM]) . 



5.2 The Ward identity for TW 

In the case of the TVV correlator in the Standard Model the derivation of the Ward identity requires two functional 
differentiations of (IMl) (extended to the entire spectrum of SM) respect to the classical fields V^{xi) and ^{x2) 
where V and V' stand for the two neutral gauge bosons A and Z , obtaining 

~a,5(4)(x2 -x)F-/^^'(a;i,x) +a^[77a.5('^(a:i ~x)P^-;^^'(x2,^ (55) 
where we have introduced the (amputated) mixed 2-point function 

Par'^'i^U^^) = {0\TV4xi)V;,{x2mamp = , '^^^ ,^ . . • (56) 

dV,'?'{xi)dVc {x2) 

After a Fourier transform 

(27r)45(4)(fc _p_ q)ryy^^{p, q) = J d^zd^xd^y (T^.(z)K«(a;)F^(j/))„„p ^-^k.+^p.+^,y ^ (57) 

Eq. ([55)) becomes 

k^^^'XpiP.q) = -f{fc^/'.-r^'(p)^^. + fc%-'''^'(g)^a.-g.p-/^^"( (58) 

The perturbative test of this relation, computationally very involved, as well as of all the other relations that we 
will derive in the next sections, is of paramount importance for determining the structure of the interaction vertex. 



6 BRST symmetry and Slavnov- Taylor identities 

Before coming to the derivation of the STI's which will be crucial for a consistent definition of the TVV correlator 
for the Lagrangian of the SM, we give the BRST variation of the EMT in QCD and in the electroweak theory which 
will be used in the following. 
The QCD sector gives 



1 



(59) 



with z, J being color indices in the adjoint representation of SU{3), while 
in the electroweak sector and in the interaction basis we have 



Bp6r 



(60) 
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Here the indices r and refer respectively to the SU{2) and U{1) gauge groups and can be expanded directly in 
the basis of the mass eigenstates (i.e. a=(+,-5 ^7 We obtain 



Crpe.W. 



(61) 



To proceed with the derivation of the STFs for the SM, we start introducing the generating functional of the 
theory in the presence of a background gravitational field /i^ti/ (also denoted as " /i" ) 



Z{h,J)= j 2?$ exp|i5-i| j d'^xh^'''{x)T^,^{x)^ 



(62) 



where S denotes the action of the Standard Model (5) with the inclusion of the external sources (J, cj,^) coupled 
to the SM fields 

(63) 



with a = A, Z, +, — and i which runs over the fermion fields. We also define the functional describing the insertion 
of the EMT on the vacuum amplitude 



Zj,(J;z) = (r^.(z))j = / P$T^.(z) expi5 



where Z^^{J; z) is related to Z{h, J) by 



Z{h,J) 



(64) 



(65) 



h=0 



The STI's of the theory are obtained by using the invariance of the functional average under a change of integration 
variables 



Zj,(J;z) = / 2?$ V(z) expz^ = Zj,(J;z)' = / I?$'T^,(z) expi5' 



(66) 



which leaves invariant the quantum action S. These transformations, obviously, are the ordinary BRST variations 
of the fundamental fields of the theory. The integration measure is clearly invariant under these transformations 
and one obtains 



I?$ e^^iS\5T^,,{z)+iT^,{z) 



= 0, 



(67) 



where the operator 6 is the BRST variation of the various fields, which is given in appendix ([C|). 

The STF s are then derived by a functional differentiation of the previous identity with respect to the sources. 
We just remark that since the BRST variations increase the ghost number of the integrand by 1 unit, we are 
then forced to differentiate respect to the source of the antighost field in order go back to a zero ghost number in 
the integrand. This allows to extract correlation functions which are not trivially zero. This procedure, although 
correct, may however generate STF s among different correlators which are rather involved. For this reason we 
will modify the generating functional Zjj^(J;z) by adding to the argument of the exponential extra contributions 
proportional to the product of the gauge fixing functions J^" (x) and of the corresponding sources x" (x) . Therefore, 
we redefine the action S as 



d^xx'^J'" 



(68) 
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The condition of invariance of the generating functional that will be used below for the extraction of the STI's then 
becomes 



= 0. 



(69) 



The implications of BRST invariance on the correlator TVV' are obtained by functional differentiation of (|69| 
respect to the source x"'i.^) of the gauge-fixing function F"" and to the source Lo°'{y) coupled to the antighost fields 
fj"". For this reason in the following we set to zero the other external fields. 



6.1 STI for the TAA correlator 

Eq. (l69t can be used in the derivation of the STI's for the TAA correlator by setting appropriately to zero all the 
components of the external sources except some of them. For instance, if only the sources in the photon sector 
(w^jX"*) are non- vanishing, this equation becomes 



I?$ exp 



0, 



(70) 



where the function 8^ denotes the finite part of the BRST variation (with the infinitesimal Grassmann parameter 
A removed) of the gauge-fixing function of the photon 



(71) 



Functional differentiating this relation with respect to x^{x) and uj'^iy) and then setting to zero the external 
sources, we obtain the STI for the (TAA) correlator 



^{T^Az)d''A„{x)df^Ap{y)) = {T^,{z)£\x)n^{y)) + {5T^,{z)d^ A^{x)fi^{y)) . 



(72) 



Its right-hand side can be simplified using the fields equation of motion. The BRST variation of J-^, given by f 
is indeed the equation of motion for the ghost of the photon. This can be easily derived by computing the change 
of the action under a small variation of the antighost field of the photon fj^ 



^^(x)^77^(x) + e(x). 



which gives, integrating by parts, 



C + (d^e) (9^?7^ + i e{W- r/+ - W+ jf))=C-e ST^^ , 



(73) 



(74) 



and the equation of motion SJ^'^{x) = £^{x) = 0. 

The first correlator on the right hand side of Eq. (|72l) can be expressed in terms of simpler correlation functions 
using the invariance of the generating functional Z^^(z) given in (j66p under the transformation (|73p . One obtains 



Z^A^^y = / X>$e'*exp<{i I (Txeix) 



£'^{x)+uj^(x) 



T^,u{z) + SfjATf,^{z) = ZT^z) 



(75) 



where 6fjATi^^{z) denotes the variation of the EMT under the transformation (l73l) 

Sf,AT^,{z) = a^e(z)[a,?7^ -I- ie{W-r^+ - W+rr)Kz) + {fi ^ ly) 
- ri^,dPe{z)[dpr,^ + ie{W;f^+ - W+7]-)]{z) . 

This equation can be formally rewritten as an integral expression in the form 

Sf^AT^t,{z) = d'^xe{x)SfjATpi,{z,x) , 



(76) 



(77) 
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where STfj_^{z,x) has been defined as 

ST,^{z,x) = v.ud^AS^'Hz - x) Djri^ix)) - ^^(^^(z - x) D^^^{x)) ~ dfAS^'\z - x) D^rj^{x)) 
We have used the notation D^rj^ to denote the covariant derivative of the ghost of the photon 

Djr^^ix) = dpij'^ix) + ie{W-T]+ - W+tj-){x) 
and its four-divergence equals the equation of motion of the ghost rj^ 

dPDfr]'^{x)=£^{x). 
Using Eq. ([77]) and expanding to first order in e, the identity in (1751) takes the form 



V^e'^lT^^z) 



-£^{x)+uj^{x) 



iSTf^^{z,x) 



0. 



(78) 
(79) 
(80) 

(81) 



This relation represents the functional average of the equations of motion of the ghost rj^. As such, it can be used 
to derive the implications of the ghost equations on the correlation functions which are extracted from it. 

For instance, to derive a relation for the first correlation function appearing on the rhs of Eq. (j72p . it is sufficient 
to take a functional derivative of ([5T|) respect to uj^{y) 



{T^,{z)£''{x)fj^{y)) ^-t{LAT,,Az,x)fj^{y))-tS<^^\x-y^ 



(82) 



Notice that the term proportional to 6^^^ (x — y) corresponds to a disconnected diagram and as such can be dropped 
in the analysis of connected correlators. We can substitute in ([5^ the explicit form of 6T^i,{z, x), rewriting it in 
terms of the 2-point function of the covariant derivative of the ghost rj^ [D'^rj^) and of the antighost fj^ 



{T^Az)£^{^)fi^{y)) 



i^il,.dP[5^^\z~x){{Dj^^{x)f^''{y))_ 
(dl [5(4)(z - x){DU^{x) fi^iy))] 



(83) 



The correlation functions involving the covariant derivative of the ghost and of the antighost, appearing on the 
right-hand side of (f83|) . are related - by some STI's - to derivatives of the photon 2-point function. We leave the 
proof of this point to appendix ([C]) and just quote the result. Then Eq. ([SS)) becomes 



{T,Az)£^{x)n''{y)) 



i^^,dP,[5^'\z~x)d^{Ap{x)AAy)) 
(^l[6^'\z-x)^^{AAx)A^{y))\+{^^ 



(84) 



Having simplified the first of the two functions on the right hand side of ([7^ , we proceed with the analysis of 
the second one, containing the BRST variation of the EMT, which can be expressed as a combination of BRST 
variations of the gauge-fixing functions T"" 



ST,. = \ 



W+d^,5F- + W-d^5F+ + A^dJF^ + Z^d^SF^ + {^l ^ v) 



W+5F- + W-5F+ + ApSF"^ + Zp5F^ 



(85) 



Similarly to the photon case, where 5J-^ is proportional to the equation of motion of the corresponding ghost, also 
in this more general case we have 



(86) 
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and (5r^j/ can be rewritten in the form 

1 
1 

1 



ST, 



W+£- + W-£+ + Ap£^ + Zp£^ 



(87) 



The appearance of the operators £^ in the expression above suggests that Eq. (j72p can be simphfied if we derive 
STI's involving the equations of motion of the ghost fields. Therefore, we proceed with a functional average of the 
equation of motions of the ghosts 



£'^{z)+uj'^iz) 



r = +,-,A,Z. 



(88) 



The terms appearing in Eq. (j87p are obtained by acting on this generating functional with appropriate differen- 
tiations. For instance, to reproduce the term dW^£~ we take a functional derivative of ((88)) with respect to the 
source Jp{z) followed by a differentiation respect to obtaining 

5 



5J-[z) 



r{z) + uj'\z) 



/ X>$ e 



a,^(A;(z)f(z))+af (A^(z)a.'-(z)) 



= 0. 



(89) 



At this stage we need to take a derivative respect to the source x (a;) and to the source a; (y) of the antighost field 



dP (A^(z)£:'-(^)) 9"A„(a;)77^(y) + z S^-^d^ (Ap{z)d^''\z ~ y)) d'' A^{x) 



= 0. 



(90) 



In the expression above the Kronecher b"^ is 1 for r = A and for r = +, — , Z. This shows that in bT^^ in (1571) 
only the photon contributes to the {ST ^j^y{z)d'^ Aa(x)^^ {y)) correlator and gives 



(<5r^.(z)a"A„(a;)7?-^(y)) = --^ 9^<5W(z - y)9^(A^(z)A„(a;)) + a^<5(4)(z - y)9,"(A,(z)A„(:r)) 



-n^.dP^{s^'^\z-y)d'i(^Ap{z)A^{x)) 



(91) 



Using the results of ([M| and ([?T|) in (|72l) we obtain a simple expression for the STI, just in terms of derivatives of 
the photon 2-point function 

i(T^.(z)a"A„(:E)a^A^(y)) = -J^^p,dP,Y''\z^x)d'^^{Ap(x)A^{y)) 



6^'\z~y)d^{Ap{z)A^{x)) 
dl5^^\z - y)d^{A,{z)Ao,{x)) + (;, o i^)^ | , 



'5^^\z^x)d':;{A,{x)A^{y)) 



(92) 



which in momentum space becomes 

p'^q^G^p^^pip^q) = ^q''WpL^{q)+P.P^^{q)-wPPX^{q) 



+ i^p''[q, P.t^ip) + qu pX^p) + P^ip) 

having defined 

{27rfS^^Hk-p-q)G^:^^f,{p,q) - -z| j z d^x d^y {Tp,{z)A^{x)Ap{y)) er^'^'^+^^-^+^'^-y . 
(2^)V4)(p-q)P„^/(p) = fd^xd^y{A^{x)Af,{y)}e^P-^-^'^-y. 



(93) 



(94) 
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A ^ 




Figure 2: One-loop loop decomposition of G^^^ {p. q) in terms of the amputated function Fj^^^ (p, q) and of 2-point 
functions on the external legs. 

The STI given in (|93p involves the Green function G^^^(p, g) which differs from the vertex function r^^^(p, g) 
for the presence of propagators on the external vector lines. In the one-loop approximation the decomposition of 
G^^^(p, q) in terms of vertex and external lines corrections simplifies, as illustrated in Fig.([2|). In momentum space 
this takes the form 



GtLp{P.D = v;:X(p^q)p,^^i{p)p^^;{q)+v^^^^i{p,q)p,^^^^^^ 



(95) 



where V/^^^{p,q) is the tree level graviton-photon-photon interaction vertex defined in appendix ID] The right- 
hand-side of Eq. (j93l) can be rewritten in the form 



p''q^GXp{p,q) 



-{ Qt^Piy + qiyp^i -Vf^iy{p-q + P^) 



p^<i'v;:,%(p,q) 



(96) 



which implies, together with (IMt . that 



(97) 



This is the Slavnov- Taylor identity satisfied by the one-loop vertex function. 
6.2 STI for the TAZ correlator 

The derivation of the STI for TAZ follows a pattern similar to the TAA case. The starting point is the condition 
of BRST invariance of the generating functional given in Eg. (1671) . Also in this case we introduce some auxiliary 
sources x°'{^) for the gauge-fixing terms, but we differentiate (|69p with respect to x^{^) ^-i^d to the source ui^ [y) 
of the antighost fj^{y), and then set all the sources to zero. We obtain a relation similar to Eq. ([TO)) , that is 



exp 



(98) 



where £^{x), the operator describing the equation of motion of the photon, has been defined in ([71]) . Therefore, by 
taking a derivative with respect to x^{^) to uj^{y) we obtain 



i(r^.(z)^^^(x)J-^(y)) = {T,^{z)£^ix)f]''iy)) + {5T,,{z)F\x)f {y)) 



(99) 



The right-hand-side of this equation can be simplified using the equation of motion for the ghost of the photon on 
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Wc start from the first of the two correlators {T^i,{z)£^ {x)fj^ {y)) . Using the invariance of Z'^^{J;z) respect to 
the variation ([75)1 of the antighost of the photon fj^ and expressing 5fjAT^i,{z) as in Eqs. (|77p and ([75]) . we obtain 
Eq. ((8T|) . At this point we differentiate this relation respect to the source ut^ (y) obtaining 



(100) 



As in the previous case, we omit the term which is proportional to the vev of the EMT, since this generates only 
disconnected diagrams. The explicit form of (5,^aT)i^(z, a;) allows to express Eq. (jlOOp in the form 



{T,^iz)£^{x)fj^{y)) 



5^^\z-x){Dt7^^[x)f[y)) \ +dl \5'^'^\z-x){D^ri^(x)f{y)) 



(101) 



To express {T^u{z)£^{x)rj^ {y)) in terms of 2-point functions and of their derivatives, we use the identity 



{fi^{y)D^r^^{x))^-{F^{y)A^{x))^Q, 



(102) 



which is proved in appendix ((Cj. This equation relates the correlators in Eq. (jlOip to two-point functions involving 
the photon and the gauge- fixing function of the Z gauge boson . Using (|102p . we then conclude that 



{T,,,{z)£^{x)rf[y))^Q. 



(103) 



To complete the simplification of ((99)) we need to re-express {5T^j^{z)F^{x)fj^ {y)) in terms of 2-point functions. This 
correlation function involves the BRST variation of the EMT, defined in (|87p . which contains a linear combination of 
operators proportional to the equations of motion of the ghosts. For this reason it is more convenient to start from 
the same equations functionally averaged as in ([55]) . and then proceed with further differentiations, as shown in Eq. 
(|89)) . Finally, we perform a functional differentiation of (|89)) respect to the sources x^{^) ^-nd uj^{y), analogously 
to Eq. thereby obtaining the relation 



dP (A 



^(z)£:'-(z)) d''A^{x)f{y) ^ib^^dP (a,(z)5W(^ _ y)) d^A^{x) 



= 0. 



(104) 



Following this procedure for all the terms of 5T^jy(2;) we obtain 



(<5r^.(z)a"A„(a;)77^(y)) = --^ - T^^^dl 



b^''\z-y){Z„{z)d''A^{x)) 



d^J^^Hz - y){Z^{z)d''A^{x)) - a^(5(4)(z - y){Z,{z)d'' A,,{x)) 



(105) 



Given that this is the only non- vanishing correlator on the right-hand-side of Eq. we conclude that the BRST 

relation that we have been searching for can be expressed in the form 



-^{T,^{z)T^{x)T^{y)) = -\\-r^^,dl 



8^'^{z^y)i^Z,{z)d''Ao.(x:)) 



+ dl8^'^\z - y)(Z^(^)9"A„(a;)) + dl8^^\z - y)(Z,(z)a"A„(a;)) 



(106) 



Notice that on the left-hand-side of this identity, differently from the case of TAA, appear the gauge fixing functions 
of the photon and of the Z gauge bosons 



= Z„ - ^Mz 



(107) 
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Figure 3: One loop decomposition of G^^^^ {p, q) in terms of the amputated funtion T^^^ {p, q) and of the corrections 
on the external lines. 




Figure 4: Decomposition of G^^^{p,q) at 1-loop in terms of the amputated correlator r^^^^(p, g) and of the 
corrections on the external legs. 

which give 

{T^Az):F^{x)F\y)) = {T^,{z)d'^A^{x)dPZp{y)) - ^Mz{T^u{z)d'' A^{x)c^{v)) , (108) 

where (j) is the Goldstone of the Z . Going to momentum space, with the inclusion of an overall —in/ 2 factor we 
define 

(2^)4,5(4) {k-p-q) Gl^^f, {p, q) = 1 d'z d'x d^y {T,, {z)A^ {x)Zp (y)) e-^k■.+^p■.+^,■y 

(27r)4<5(4)(p - q) P^p^ip) = j d\d% {A^{x)Z0{y)) ^-^-^^'^■y , 
(2^)V4)(fc-p-q)G;^l(p,g) = -t^J d^xd^y{T^,.{z)A^{x)4>{y))e-^'^+^P-^+^'^-y , (109) 
and the final STI (jl06p in momentum space reads as 

p''q^G^f^^{p,q)-^^Mzp"GXiP,q) - ^P" [q^P^aip) + Q.P.l^ip) - V,^{p + q)' Pp^^'iv)]- (HO) 

At this point, we are interested in the identification of a STI for amputated Green functions. For this purpose we 
perform a decomposition on the left-hand-side of this equation similarly to Eq. (j95p for G^^^^ {p, q) , working in the 
1-loop approximation. In this case, the decomposition of the G'^^^ij{p,q) correlator, shown in Fig. ([3]), is given by 

+ VX/,{p,q)Po^^:ip)Pr;{q)- (111) 

This decomposition, differently from the one in Eq. ((95|). does not contain a tree- level contribution V^^p{p, q) since 
this vertex is zero at the lowest order. 

A similar procedure has to be followed for the correlator G^^^{p^q). Also in this case the vertices Vl^^J'{p,q), 
V^^p{p, q) and V^^^ {p, q) are zero at tree- level. The 3-point function G'^^^ip, q), shown in Fig.Q, is then decom- 
posed into the form 

GXiP'i) = ^tt\p^q)Po^i{p)p^Hq) + v;:^^^tp,^^'^{p)p^'^\q) + v;:S^pt^^^^^ (112) 



20 



The tree- level vertices used in Eq. and (|112l) arc defined in appendix |D] The STI for this correlator is then 

obtained from (|110l) using the decompositions in (lllip and (|112l) . 

One can show that the terms generated on the left-hand-side of (|110p by contracting tree-level vertices with the 
1-loop insertions on the external legs, coincide with those generated from the right-hand side at the same order. 
For this one can use the expressions given in appendix (|FJ. The result is summarized by the equation 

P'^Q^'^t^apiP^ + ^^Mzp'^T^t'iP, g) = , (113) 
which gives the STI at 1-loop for the amputated functions. 

6.3 STI for the TZZ correlator 

The derivation of the STI for the TZZ follows a similar pattern. We perform a functional derivative of respect 
to the source i^) of the gauge-fixing function J^^{x) and to the source for the antighost f]^{y), which is uj^{y). 
We obtain a result quite similar to Eq. ((98|) 



y I?$ exp tS + t J dt^x {fj^u^ + x^-F^) ^ST^^iz) + i T^^{z) J d'^^ '^^\^^ + | = . 

(114) 

Here, clearly, E'^ ix) is the operator of the equations of motion of the ghost ri^{x), derived from the BRST variation 
of the gauge-fixing function of the Z gauge boson, 

ST^{x) = £^{x) = Ur^^ix) + le'^^^^d^ (W; if - W+ri') 



smt/w 

[{v + H)r]^ + i cos 9w{(l)^V^ - 0"??^)] 



^eA/z , ,,,, z 



sin 29w 

= dP r^^ (x) + ^^^[{v + H)ri'' + i cos Owi^+rr ~cb-v+)], (115) 
where we have introduced, for convenience, the covariant derivative of the ghost 7]^ (x), Dpi]^ (x), which is given by 

D^rj^ix) ^ d,v^{x) + ^e^^{W-7J+ ~ Wfr^-Kx). (116) 

sm Uw 

Performing a functional derivative of ()114p respect to x^ {^) ^-^d to^iy) we obtain the equivalent of Eq. (|99p . which 
is 

^{T,Az)F'{x)^^{y)) = (r^.(z)£^(:r)r7^(y)) + {ST.^z)^^ {x)fj^ {y)) . (117) 

At this point, the correlation functions on the right- hand-side of ()117|) must be re-expressed in terms of 2-point 
functions and of their derivatives. Also in this case we use a functional average of the equations of motion of the 
ghost of the Z gauge boson, rj^ , on the generating functional Z'^^{J; z). For this reason we start from the correlator 
{Tfj.u{z)£^ {x)fj^ {y)) and exploit the invariance of Zj^^{J; z) under the BRST variation of the antighost field fj^{x), 

fj^ (x) ^ fj^ {x) + e{x) , (118) 

and express the variation of the EMT 6,-fzT^^{z) as an integral, having factorized the parameter €{x), 

5f)zTf^y{z) ^ J d'^xe{x)6fizTfj,^{z;x). (119) 

In this case 

l-,zT^Az,x) - -d-yHx~z)D^r,^ix)]^d^,[S^'\x-z)D^^rj''{x)] 

+V^..S^^\x ~ z)E^{x) + ii^,dP[5^^\x - z)]D^„t^^{x) . (120) 
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The equation obtained by the requirement of BRST invariance of Zjj^(J; z) is 



- £^ (x) + uj^ {x) 



(121) 



At this point we take a functional derivative of (|12ip respect to 0J^{y) and then set ah the sources to zero, obtaining 

{T^,{z)£\x)f{y))^-i{5^zT^,{z,x)f{y))-i5^^\x-y){T^,{z)). (122) 

Notice that if we are looking for a STI of connected graphs, then the term —i{T^i,{z)) does not contribute, being a 
disconnected part. Expressing 6fizT^^{z\x) according to ()120p . we conclude that Eq. ()122p takes the form 

{T,Az)£^{x)fl^{y)) - -*(r7;..(£:^(:.)^^(y))5(^)(x-z)+,7M^a,^[<5W(x-z)](I?f,7^(:r)^^(y)) 



QX 



5(^\x-z){D^,T^^{x)f{y)) 



S<^'\x-z){D^n^{x)v^iy)) 



This equation can be simplified using the identities 
{fj^iy)D'^ri'ix)) = ^(^^{y)Z,{x)), 



{F\x)F^{y))^~zi5^^\x-y), 
which arc proven in appendix ([Cj and we finally obtain the relation 



(123) 



(124) 



{T,Az)8\x)f{y)) 



^ev^.•^S^'\x - y)S^'Hx - z) + v^.dP[5^'H^ " z)]{Zp{x)T'' (y)) 



5(^\x~z){Z,{x)F^{y)) 



5^^\x-z){Z,{x)F^{y)) 



(125) 



To complete the simplification of Eq. (|117l) an appropriate reduction of the correlator {5T^^{z)F^ {x)f]^ {y)) is 
needed. This can be achieved working as in the previous cases. We start from the equations of motion of the ghosts 
averaged with the functional integral 2^Jj^, and then take appropriate functional derivatives respect to the sources 
in order to reproduce all the terms of Eq. (|87| containing J^^{x) ed fj^iy). We obtain the intermediate relation 



iS 



dP (A^(z)f '■(z)) :F^{x)n\y) +i5^^dP {a,{z)5^^\z - y)) T\x) 



= 0, 



(126) 



a = A, Z, +, while the final identity is given by 

{ST,Az)^^{x)f]^{y)) = -^|9^[<5(4)(z-y)](Z,(z)^^(x)) +9:[<5W(z-y)](Z.(z)J-^(x)) 



5(^\z-y){Zp{z)F\x)) 



(127) 



Finally, inserting into (|117p the results of (jl25p and ()127p . we obtain 



-{T,,{z)F^{x)F^{y)) 



<5W(a 



{Z,{x)T^{y)) 



QX 



5^^\x~z){Z,{x)F^(y)) 



5^^\x~z){Z^{x)F^(y)) 



6<^'\z-y) 



{Z,{z)T\x))+dl 



S'^'Hz-y) 



{Z,{z)T^{x)) 



r^,,dds(^Hz-y){Z,{z)T^ix)) 



(128) 
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Figure 5: Decomposition of G^^^p{p, q) in terms of the amputated r^j^^(p, q) and of the corrections on the external 
legs. 






Figure 6: Decomposizion of Green G^^a{p, q) in terms of the amputated function T^^^{p, q) and of the corrections 
on the external lines 



We then move to momentum space introducing 2 and 3-point functions, generically defined as 



{2i,)H'-'\k-p~q)G%%{p,q) = d'zd'xd''y{T^,{z)Ux)^M)e-''''^'P'^^''^y 



for generic fields 0/ — {Z,(f)), and rewrite (I128P in the form 

P"Q^G^J„f,{p, q) - z£,Mzp''Glt{p, q) - l^Mzq^Gllpip, q) - eM^G'^/^p, q) = 



ip,[~zq^P^f{q) - ^MzP^^iq)] + ipA^^q^ P^p (q) - iMzP^^q)] 



+ zq^[-zp^P^^^{p) - ^MzP^^p)] + iqA-ip^Plf{p) - iMzP^Hp)] 
-'i-ni^vkp[-iqi3P^%{q) - ^MzP^^{q)] - ir]f,^kp[-ipaP^%{p) - (,MzP^z^{p)] - i^^il^u 



(129) 
(130) 



(131) 



As in the cases of TAA and TAZ^ we are interested in deriving the form of the STI for amputated correlators. 
From the left-hand-side of (|13ip it is clear that there are 3 correlators which need to be decomposed, i.e. G^^^(p, g), 
G^taiP^q) G'^f,{p,q). We have illustrated pictorially their decompositions at one loop order in Figs. ([S]), (O 
and ([7]), while their explicit expressions are given by 



GlLp{p. q) - v';ll{p, q) Pi^lip) Po^^;{q) + r^J^'pip, q) Pi^lip) Pi^'p{q) 

+ V;:ll{p, q) PPlip) P,^^;{q) + V^^l^^ip, q) Pi'lip) Pr;{q) , 



(132) 



GX{p,q) = r;jf/'^fe?)Po^^:(;>)/'o'n9)+^,^^p^b,g)/'o^^:b)pfng) 

+ V;:S^^{p,q)Pf1{p)P,^^{q), 



(133) 



Gtt{p,q) = vli^Hp,q)Po^'^ip)PiHq) + T';.f'\p,q)Po^'^{p)Po^Hq) 

+V;:^^{p, q) P^Hp) Pf'^i.q) + V,t^f{p, q) pfHp) PtHq) ■ 



(134) 
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Figure 7: One- loop decomposition of G'l^f,^p{p, q) in terms of the amputated function r^^(p, q) and of the corrections 
on the external lines. 

Eq. (|131|) . after the insertion of (|132|) . (jl33|) and ()134p . gives the STI for amputated functions that we have been 
looking for. One can explicitly verify that the contributions on the left-hand-side of Eq. (|13ip - generated both by 
the tree-level vertices and by the contraction of these with 1-loop 2-point functions on the external legs - are equal 
to the right- hand- side of the same equation. These checks are far from being obvious since they require a complete 
and explicit computation of all the correlators, as will be discussed next. Here we just conclude by quoting the STI 
for amputated functions, which takes the simpler form 

Q) + ^mzp''Tlt\p. q) + iiMzq^Tl%\p. q) - A/|r^t^ ' (P, = . (135) 

This and the previous similar STFs are fundamental relations which define consistently the coupling of one graviton 
to the neutral sector of the SM. 

7 Perturbative results for all the correlators 

In this section we illustrate the various diagrammatic contributions appearing in the perturbative expansion of 
the TVV vertex. We show in Figs. (|8l lT6l) all the basic diagrams involved, for which we are going to present 
explicit results. Figs. ([5]) and are characterized by a typical triangle topology, while © and denote 
typical terms where the point of insertion of the EMT coincides with that of a gauge current. We will refer to 
these last contributions with the term " t-bubbles" , while those characterized by two gauge bosons emerging from a 
single vertex, such as in Figs, ([ro]) and are called "s-bubble" diagrams. Other contributions arc those with a 
topology of tadpoles, shown in Figs. ([TT|) . ([T5l) and (fT6|). 

The two sectors TAA and TAZ involve 32 diagrams each, while the TZZ correlator includes 70 diagrams. The 
computation of these diagrams is rather involved and has been performed in DR using the on-shell renormalization 
scheme [i^ and the t'Hooft-Veltman prescription for 75 matrix. We have used a reduction of tensor integrals to the 
scalar form and checked explicitly all the Ward and STFs derived in the previous sections. The reduction involves 
non-standard rank-4 integrals (due to the momenta coming from the insertion of the EMT on the triangle topology) 
with 3 propagators. 

One of the non trivial points of the computation concerns the treatment of diagrams containing fermion loops 
and insertions of the EMT on correlators with both vector (Jv) and axial-vector (Ja) currents. This problem has 
been analyzed and solved in a related work 3] to which we refer for more details. In particular, it has been shown 
that there are no mixed chiral and trace anomalies in diagrams of this type even in the presence of explicit mass 
corrections, due to the vanishing of the TJvJa vertex mediated by fermion loops. This result has been obtained in 
a simple U{l)v x U (1)a gauge model, with an explicit breaking of the gauge symmetry due to a fermion mass term. 
The result remains true both for global and local currents, being the gauge fields (vector and axial-vector) in the 
treatment of [sj purely external fields. This preliminary analysis has been instrumental in all the generalizations 
discussed in this work. 

At this point few more comments concerning the number of form factors introduced in our analysis are in order. 
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(e) (f) (g) 

Figure 8: Amplitudes with the triangle topology for the three correlators TAA, TAZ and TZZ. 

We recall, from a previous study that the number of original tensor structures which can be built out of the 
metric and of the two momenta p and q of the two gauge lines is 43 before imposing the Ward and the STI's of 
the theory. These have been classified in \i and In particular, the form factors appearing in the fermion sector 
can be expressed (in the off-shell case) in terms of 13 tensor structures for the case of vector currents and of 22 
structures for the axial- vector current, as shown in Q. 

In the on-shell case, the fermion loops with external photons are parameterized just by 3 independent form 
factors. This analysis has been generalized more recently to QCD, with the computation of the graviton-gluon- 
gluon (hgg) vertex in full generality jlj. The entire vertex in the on-shell QCD case - which includes fermion and 
gluon loops - is also parameterized just by 3 form factors. A similar result holds for the TAA in the electroweak case. 
On the other hand the TZZ and the TAZ correlators have been expressed in terms of 9 form factors. A special 
comment deserves the handling of the symbolic computations. These have been performed using some software 
entirely written by us and implemented in the symbolic manipulation program MATHEMATICA. This allows the 
reduction to scalar form of tensor integrals for correlators of rank-4 with the triangle topology. The software alllows 
to perform direct tests of all the Ward and Slavnov- Taylor identities on the correlator, which are crucial in order 
to secure the correctness of the result. 



7.1 T^'^°'^ {p, q) and the terms of improvement 

Before giving the results for the anomalous correlators, we pause for some comments. 

In our computations the gravitational field is non-dynamical and the analysis of the Ward and STI's shows that 
these can be consistently solved only if we include the graviton-Higgs mixing on the graviton line. In other words, 
the graviton line is uncut. We will denote with A'^''"^(p, g) these extra contributions and with 11'^'^°'^ {p,q) the 
completely cut vertex. These two contributions appear on the right-hand-side of the expression of the correlation 
function r^''"'5(p, q) 

T^'"'^ip, q) = S^-^^^Cp, q) + A^^^^ip, q). (136) 

Finally, we just mention that we have excluded from the final expressions of the vertices all the contributions at 
tree-level. For this reason our results are purely those responsible for the generation of the anomaly. 
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(e) (f) (g) 

Figure 9: Amplitudes with t-bubble topology for the three correlators TAA, TAZ and TZZ. 
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(b) 



Figure 10: Amplitudes with s-bubble topology for the three correlators TAA, TAZ and TZZ. 
7.2 Results for the TAA correlator 

In this section we present the one-loop result of the computation of these correlators for on-shell vector bosons lines 
and discuss some of their interesting features, such as the appearance of massless anomaly poles in all the gauge 
invariants subsectors of the perturbative expansion. 

We start from the case of the TAA vertex and then move to the remaining ones. In this case the full irreducible 
contribution (p, gr) is written in the form 



E^'^"'5(p, q) = Y.%^-'\p, q) + Y.%^^'\p, q) + Sf" ''(P, <l), 
where each term can be expanded in a tensor basis 

i=l 

^T\P^<D = Y.^iB{sMM^^)4>r^{p,q), 

Sr^'^lP,?) = ^ii{sMM^)rr^{p,q) + ^,i{8MMlr)<l>r''\p,q). 
The tensor basis on which we expand the on-shell vertex is given by 

- (r?'^ V + v'^^P") 9" - {r]°'''q^ + ri"^q'')p'^, 



(137) 

(138) 

(139) 
(140) 



(141) 
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(a) (b) 

Figure 11: Amplitudes with the tadpole topology for the three correlators TAA, TAZ and TZZ. 
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(a) (b) (c) (d) 

Figure 12: Amplitudes with the triangle topology for the correlator TZZ. 



where u"^ (p, q) has been defined as 

u'-f\p,q) = (p-q)r^ -q^pP, (142) 

among which only 01"^"'^ shows manifestly a trace, the remaining ones being traceless. 

The one loop vertex (j)^ with two on-shell photons is expressed as a sum of a fermion sector (F) (Fig. 

EKa), Fig. EKa)) , a gauge boson sector (B) (Fig. [8Kb)-(g), Fig. |9Kb)-(g), Fig. [TOl Fig. [TT|) and a term of improvement 
denoted as T,j'^°'^. The contribution from the term of improvement is given by the diagrams depicted in Fig. ^c), 
(d) and Fig. [TOlb). with the graviton - scalar - scalar vertices determined by the Tj'^ . 

The first three arguments of the form factors stand for the three independent kinematical invariants — (p+q)^ — s, 
p^ = q^ = while the remaining ones denote the particle masses circulating in the loop. 

As already shown for QED and QCD, in the massless limit (i.e. before electroweak symmetry breaking), the 
entire contribution to the trace anomaly comes from the first tensor structure (pi both for the fermion and for the 
gauge boson cases. 

In the fermion sector the form factors are given by 



$if(s, 0, 0, m)) 



$2f(s, 0, 0, m]) 



. K, a 
''2 3^ 



4mJ 



- - + -2mj Co(s, 0, 0, mj, mj, mj) 



1 - 



Am, 



.K a 

-I U 

2 Stts ^ 



1 



m 



/ 



3 m 



12 s 
mjCo(s, 0, 0, rnj, rnj, mj) 



2 mi 



$3f(s, 0, 0, m^) = -i'l^Qjl^^ + 3m}+Vo{s,0,0,m},m})[5m} + s] 



s Bo{0, mj, mj) + 3 mj Co{s, 0, 0, mj, mj, mj) [s + 2m 



The form factor is characterized by the presence of an anomaly pole 

a 



pole 



IK- Qj 



9tt S 



(143) 



(144) 



(145) 



(146) 



which is responsible for the generation of the anomaly in the massless limit. This 1/s behaviour of the amplitude 
is also clearly identifiable in a mj/s (asymptotic) expansion (s ^ "^f), where m/ denotes generically any fermion 



27 



(a) (b) 
Figure 13: Amplitudes with the t-bubble topology for the correlator TZZ. 



H 



H 



(a) (b) 
Figure 14: Amplitudes with the s-bubble topology for the correlator TZZ. 



of the SM. In this second case, the scaleless contribution associated with the exchange of a massless state (i.e. the 
1/s term) is corrected by other terms which are suppressed as powers of m'j/s. This pattern, as we are going to 
show, is general. 

The other gauge-invariant sector of the TAA vertex is the one mediated by the exchange of bosons and ghosts 
in the loop. In this sector the form factors are given by 



$ib(s, 0, 0, M^) 
$2b(s, 0, 0, M^) 

$3b(s, 0, 0, M^) 



.K a j 5 



2 

^ + 2 Co(s, 0, 0, M^, M^, M^) 



.K a ( 1 3M^^ , „ „ ,,2 ,.2 ^ 



A^W . 9 9 



-Co(s,0,0,M^,M4„M^) 



(147) 



(148) 



. K a 

'2 TTS 



^ - ^ - ^ 2^o(s, 0, 0, M^, M^) [5M^ + 7 s] 



- -sBq{Q,M^,M^)-Co{s,Q,Q,MI^,MI^,M^)[8' + AM^s + :^Ml^]y (149) 

As in the previous case, we focus our attention on which multiplies the tensor structure 0i, responsible for 
the generation of the anomalous trace. In this case the contribution of the anomaly pole is isolated in the form 

K a 5 , , 

*1 B,po;e = -i77 — (150) 

Z TT S D 

It is clear, also in this case, that in the massless limit {Mw = 0), i.e. in the symmetric phase of the theory, this pole 
is completely responsible for the generation of the anomaly. At the same time, at high energy (i.e. for s ^ M^) 
the massless exchange can be easily exposed as a dominant contribution to the trace part of the correlator. Notice 
that, in general, the correlator has other 1/s singularities in the remaining form factors and even constant terms 
which are unsuppressed for a large s, but these are not part of the trace. 

The contributions coming from the term of improvement are characterized just by two form factors 



$i/(s, 0, 0, M^) = -z^^|l + 2M^Co(s,0,0,M^,M^,M^)|, 



$4/(s, 0, 0, M^) 



4^^^ 0' 0' ^w, M^, M^) • 

2 DTT 



(151) 

(152) 
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(a) (b) 
Figure 15: Amplitudes with the tadpole topology for the correlator TZZ . 
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Figure 16: Amplitudes with the Higgs tadpole for the correlator TZZ which vanish after renormalization. 

Now we consider the external graviton leg corrections A'''^"^(p, q). In this case only the term of improvement 
contributes with the diagram depicted in Fig. 1171 



Ar"^(p,g) 



^,i{s, 0, 0, mj,M-^, M'fj) q) + *4/(s, 0, 0, M^) </.f ""(p, q) . 



(153) 



This is built by combining the tree level vertex for graviton/Higgs mixing - coming from the improved EMT - and 
the Standard Model Higgs/plioton/photon correlator at one- loop 



4-1/(5, 0, 0, m),M^,Ml) 



^ , ^ 2ml Ql 
2 37rs(s- Af^) 1 



2 + (4to^ - s)Co(s,0,0, mpTO^,m^) 



-Ml + 6M^ + 2M2,(M^ + - 4s)Co(s, 0, 0, M^, M^, M^] 



4-4/(5, 0, 0,M^) 



-$4/(s, 0, 0, M^). 



(154) 
(155) 



7.3 Results for the TAZ correlator 



We proceed with the analysis of the TAZ correlator, in particular we start with the irreducible vertex T,^'^"/^{p, q) 
that can be defined, as in the previous case, as a sum of the three gauge invariant contributions: the fermion sector 
(F), (Fig. [HIa), Fig. M^a)), the gauge boson sector (B), (Fig. |Hi;b)-(g), Fig. [nib)-(g). Fig. [TOl Fig. HI]) and the 
improvement term (I) given by the diagrams depicted in Fig. [SJc), (d) and Fig. [TUl b). with the graviton - scalar - 
scalar vertices determined by the Tj^'^ 

I]'^''"^(p, q) = E^'^"^(p, q) + ^T^{p, q) + Sf^^b- 9)- (156) 

Each of these terms can be expanded in the on-shcU case {jp' — Q,q^ — M^) on a tensor basis /f "^(p, q) 

^r^P,<}) = j2'^..P{s,0,Mlm})fr^{p,q), (157) 

i=l 

^T^{p,q) = j2^.BisAMlM^)fr^{p,q), (158) 
1=1 

I]r"^(p,g) = <i>^j{s,0,MlMl)fr^{p,q) + <^siMMlM^)fr"^{p,q). (159) 
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Figure 17: Amplitude with the graviton - Higgs mixing vertex generated by the term of improvement. The blob 
represents the SM Higgs -VV vertex at one-loop. 





(a) (b) (c) 

Figure 18: Leg corrections to the external graviton for the TZZ correlator. 



For the on-shell TAZ correlator the tensor structures are explicitly defined as 



fr'ip^q) 

fr\p,q) 
fr'ip^q) 



(A/| 7^^'^ - 4g^g^)[i {s - Ml) - gV] , 
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(p^g'' +^"^9^)7/"^ + ^is~ Ml) (t]""/;^^ + 77"'^??'^'') - 77^'' [i (s - Ml) rf^ - q'^p^] 

^^^•^pf^ + 77'^>'^)q" - (77"'^g^ + rf''q'')pf' , 

(S77^'^-A:^F)77"^, 

q'^[2,s{r|P^'p'' + r|f^y^')-pf^{sr|^''' + 2k^'k'')]. 



(160) 



We collect here just the form factors in the fermion and boson sectors which contribute to the trace anomaly, while 
the remaining ones are given in appendix [G] 
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Moreover, the improvement term is defined by the following two form factors 



$i,(s,o,m|,m2,) ^ -»f rjcl {s '~lq) + ^^^^ ^° ^^^^ ' 



(IT 2 

^^2?o(s,M|,M2„m2,) [>, (163) 



$2/(s,0,M|,M2,) ^ -z^^4Af|Co(s,0,M|,M2„Af^,M2,). (164) 

Now we consider the external graviton leg corrections A^''"'^(p, q). In this case only the improvement term con- 
tributes with the diagram shown in Fig. [T7] 

A'^^"^(p,q) = Ap''(p,q) 

= *i,(s, 0, Ml m},M^, Mjj) rr^P, q) + *4/(s, 0, M|, M^) ^r^P. (165) 

This is built by joining the graviton/Higgs mixing tree level vertex - coming from the improved energy-momentum 
tensor - and the Standard Model Higgs/photon/Z boson one-loop correlator. 



+ (4m^ + A'/| - s)Co {s,0,Mz,m'j,m'j,m'f) 



+ Mjjil - 2sl) + 2Af|(64 - + 5) 



Ml 



+ 7^M| ^^"^^ " ^'^^ + 2Af|(64 - 114 -I- 5)) Vo (s, A^l, Af M^) 
+2M^Co (s, 0, A/|, Af2„ M^, M^) (a4(1 - 2s,2j + 2Af|(6st - 15^ + 8) + 2^(4^ - 3)) 

(166) 

*4/(s,0,Af|,A^^) = _^|£^A//||— ^So(0,A^^,Af^)-4Co(.,0,Af|,A^^,A^2^,A^^)|. 



(167) 



7.4 Results for the TZZ correlator 



Our analysis starts with the irreducible amplitude and then we move to the insertions on the external graviton leg. 
The irreducible vertex E^'^"'^ (p, g) of the TZZ correlator for on-shell Z bosons can be separated into three contri- 
butions defined by the mass of the particles circulating in the loop, namely the fermion mass m/ (fermion sector 
(F) with diagrams depicted in Fig. [SJa), Fig. IDJa)), the W gauge boson mass Mw (the W gauge boson sector (W) 
with diagrams Fig. [Hb)-(g), Fig. [9Ub)-(g), Fig. [TOl Fig. [11]), the Z and the Higgs bosons masses, Mz and Mh 
{{Z,H) sector with the contributions represented in Figs. [T2]- [T5|) . which cannnot be separated because of scalar 
integrals with both masses in their internal lines. There is also a diagram proportional to a Higgs tadpole (Fig. 
[TSl a)) which vanishes after renormalization and so it is not included in the results given below. Finally there is the 
improvement term (I) given by the diagrams depicted in Fig. (d). Fig. [TUTb). Fig. [T^b). (c), (d) and Fig. [T3] 

with the graviton - scalar - scalar vertices given by the Tj^ . We obtain 

E'^-^'^^ip, q) = E^r\p^ 1) + ^T\P^ q) + ^Th{p^ 1) + ^r^iP, q)- (168) 
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These four on-shell contributions can be expanded on a tensor basis given by 9 tensors 
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{p, q) = ipy" + q^p") g"-^ - (I - Ml) {g^^g''^ + g^^g'^") , 

tr^iP. q) = {g'-^q" + g'^q^p^ + {g^^p" + g'^p"") - fl'^Va" , 
{g'^^p" + g'^'^p^) p^ + {g^^q" + g^^q^) q" , 



tr^ip.q) 



(p, q) 
tr^p,q) 



P^q", 



and can be written in terms of form factors $i 

9 



^r^{p,q) = Y.^r{s,Ml,Ml,m))tr\p,q), 

i=l 

^T^i.P,q) = Y.^f\s,MlMl,Ml,)tr\p,q). 
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^TniP.q) = Y.^T^"^^'^^z,Ml,MlMl)tr^P,q) 



(169) 

(170) 
(171) 
(172) 



Sf^'^Cf, 5) = Wis, Ml Ml M^, Ml M|) tr^P, ?) + 4'\s, Ml Ml M^, Ml M%) t^^ip, q) , 

(173) 

where the first three arguments of the represent the mass-shell and virtualities of the external lines kP' = s, p^ = 
q^ = Ml while the remaining ones give the masses in the internal lines. 
Moreover, we expand each form factor into a basis of independent scalar integrals. 

7.4.1 The fermion sector 

We start from the fermion contribution to TZZ and then move to those coming from a W running inside the loop 
(W loops) or a Z and a Higgs {Z, H loops). We expand each form factor in terms of coefficients C(f)^- 



$f )(., Ml Ml m)) = Y: C^f)]{s, Ml Ml m))!^ 



(174) 



0=0 



where are a set of scalar integrals given by 



T 



r{F) 
'0 

1 

r{F) 
-2 

(F) 
3 

r{F) 



-4o(™/) ' 

So(s, my.,my.) , 

I?o(s,M|,m^,m2), 
CQ{s,Ml,Ml,m),m),m)). 



(175) 
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As in the previous case, only ^\ contributes to the anomaly, and we will focus our attention only on this form 
factor. The expressions of all the coefficients C(f)* for (i ^ 1) can be found in appendix [Gl We obtain 

= - e,.^c^^:l 4Mg) - ^"') (^^' ^ ^^') ^ 3^ + ^^^) ■ 

^(^^4 = - 12,r.^4 r-"4M|) " ^^^^^ ( ^^^^^^ " ^ ^ ^ ' ^ ^° ' 

+C/ 2 (4M| + 2 (3s - 8m^) M| - s (s - 4m^)) j . (176) 

(i^) . . . . 1 • • • 

The anomaly pole of is entirely contained in Ci^p^^ and it is given by 
7.4.2 The W boson sector 

As we move to the contributions coming from loops of W^s, the 9 form factors are expanded as 

c&r^ {s, Ml, Ml M^) = ^ C(^)\ {s, Ml Ml M^) ij^) (178) 

3=0 



where if^^ are now given by 



= A(Ma.), 

I^^^ = Bo{s,M^,M^), 

= Vois,MlM^,Ml), 

l!^^ = Co{s,MlMlM^,M^,M^). (179) 



The anomaly pole is extracted from the expansion of $2^^', whose coefficients are 



1 -trvu J Jij^ 



^ 2A/|(-124 + 324-294 + 9) 



24 47rs i6s(s-4M|) 
..(124-36.tH-334-10)]. '°°'--';f-"^" 



C(w) J — C'(H')2 — , 

+2Af|s(s^ - 2)(124 - 124 + 1) + s^^Asi + Ss^^ - 5)) , 

+2M|s(184 - 344 + 15)(4(s2^ - i)sl + 7) - 2Mls\l2sl - 96^ 

+201st - 1574 + 41) + s='(-124 + 324 - 274 + 7) ) . (180) 
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As one can immediately see, the pole is entirely contained in C(iy)J, and we obtain 

(6O4 - 1484 + 81) 



1 pole 



a 

;2 f%2 



72 



(181) 



7.4.3 The (Z, H) sector 



Finally, the last contribution to investigate in the TZZ vertex is the one coming from a Higgs {H) or a Z boson 
{Z) running in the loops. Also in this case we obtain 



$f '^^ {s, Ml Ml Ml Ml) = J2 Ciz,H)i{s, Ml Ml Ml M%) xj 

{Z,H) 



{Z,H) 



(182) 



with the corresponding ' ' given by 





= 1, 




^(Z,H) 


= A(M|), 




^(Z,H) 


= A(M|), 




^(Z,H) 


= Bo(s,M|,M|), 




^(Z,H) 


= Bu{s,Ml,Ml), 




^{Z,H) 


= BoiMlMlMlj), 




^{Z,H) 


= Co(s,M|,M|,M|, 




^iZ,H) 


= Co(s,M|,M|,M2, 


Ml Ml 



(183) 

Again, as before, the contributions to ^[^'^^ are those responsible for a non vanishing trace in the massless limit. 
These are given by 



C(Z,H)\ = 
C(Z,H)\ = 



^(Z,H)\ 



^iZ,H)\ 



ma 



2ATrs^cisl is -AMI 

IK a 

127rs244 (s - AMI) 

-C(Z,H)\ , 



{Mjj (s - 2M|) + 3sM| - 2M|) 



7iaK 



(Ml - Mi) 



247rs^cisl {s-4Ml)^ 
IK a 



{2Mjj [sMl - 2M| + s^) + Ss^Mf - 14sM| + 8M|) , 
(2M| + s) (2M| (s - M|) - 3sM|) , 



12..^4(r-4M|)^4 """^ + ^'""^ " '^""^ " ''^^ ""^^ 



IK a 



+2M| (4Mi + s)+ 2sM% 

2M% {sM% - 2M| + s^) - 20sM| + 16M| + s^) 



2Ans^clsl is - AMI) ^ 
with the anomaly pole, extracted from C(^z,h)q, given by 

-Jz,H) _ 7iaK 



1 pole 



lUnsclsl ■ 



(184) 



(185) 
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7.4.4 Terms of improvement and external leg corrections 

The expression of form factors and $2^^ coining from tlie terms of improvement for tlie Tij'^'^^ (p,q) vertex are 
given in appendix IG.5I 

The next task is to analyze the external leg corrections to the TZZ correlator. This case is much more involved 
than the previous one because there are contributions coming from the minimal EMT (i.e. without the improvement 
terms) Fig. [TBl b). Fig. [TST al-fb) and from the improved Tj'^. This last contribution can be organized into three 
sectors: the first is characterized by a contribution from the one-loop graviton/Higgs two-point function Fig. [TCTb). 
Fig. [TSla). The second is constructed with the Higgs self-energy Fig. [TE\ c) and the last is built with the Standard 
Model Higgs/Z/Z one-loop vertex Fig. [T71 Furthermore, it is important to note that the diagram depicted in Fig. 
I16f b) is proportional to the Higgs tadpole and vanishes in our renormalization scheme. 
The A'^'^"^ {p,q) correlator is decomposed as 



^^^^^^{p.q) (186) 

where I]_f///(fc^) is the Higgs self-energy given in appendix (jFJ for completeness, V^^^ ^i\h ^'^s '^^^^ 
vertices defined in appendix (|D|) and A'^'^^^^^{p, q) is expanded into the two form factors of improvement as 



4 4 



^\'\s, Ml, Ml mj, M^,Ml M^) ^ ^ cf^^ . M|, M|, mj) if ^ + ^ c[^^ . M|, M|, Af^) ij^^ 

j=o ' j=o ' 

+ E ^IzH)- ^z,Ml Ml Ml) J^^'"^ (187) 

where the basis of scalar integrals if and ij^'' have been defined respectively in Eq. 11751 and 11791 The {Z, H) 
sector is expanded into a different set (instead of Eq. I183P which is given by 





= 1, 




jiZ.H) 


= A (M|) , 




n-iZ^H) 


- A { Ml) , 




jiZ,H) 


= Bo {s, Ml Ml) , 




j(Z,H) 


= Bo {s, Ml Ml) , 




^(Z,H) 


- Bo { Ml Ml Ml) , 




rr(Z,H) 


= Co {s, Ml, Ml, Ml Ml 


M% 


j(Z,H) 


= Co(s,M|,M|,M^,M|, 


Ml 



(188) 

The expressions of these coefficients together with the graviton-Higgs mixing S^^^^^ hHi^)^ '^'i'^hH{^) ''^^^ ^® found 
in appendix I G. 6 1 



8 Renormalization 

In this section we discuss the renormalization of the correlators. This is based on the identification of the 1- 
loop counterterms to the Standard Model Lagrangian which, in turn, allow to extract a counterterm vertex for 



35 



the improved EMT. We have checked that the renormaUzation of all the parameters of the Lagrangian is indeed 
sufficient to cancel all the singularities of all the vertices, as expected. We have; uscid the on-shcill scheme which 
is widely used in the electroweak theory. In this scheme the renormalization conditions are fixed in terms of the 
physical parameters of the theory to all orders in perturbation theory. These are the masses of physical particles 
Mw,Mz,MH,mf, the electric charge e and the quark mixing matrix Vij. The renormalization conditions on the 
fields - which allow to extract the renormalization constants of the wave functions - are obtained by requiring a 
unit residue of the full 2-point functions on the physical particle poles. 
We start by defining the relations 



eo 


= {l + SZ^)e, 




Mwfi 


= M^ + 6M^, 




Mlo 


= M% + 6Ml, 






= Mjj + 5Ml, 




Zo \ 


( l + \5Zzz 


\5ZzA 


Ao J 


I \5Zaz 


1 + \6Zaa 




Ho = 



1 + ^SZh 



H. 



(189) 



At the same time we need the counterterms for the sine of the Weinberg angle and of the vev of the Higgs field 

V 



,0 — ~t~ 

which are defined to all orders by the relations 



vo =v + Sv, 



(190) 



1 - 



w 



Ml ' 



M2 s2 
y2 _ ^ ^^^W 



(191) 



and are therefore linked to the renormalized masses and gauge couplings. Specifically, one obtains 



6su 



2sl V 



6v 

V 



2 



6Z, 



(192) 



while electromagnetic gauge invariance gives 



= -^6Zaa + -^SZzA- 



(193) 



We also recall that the wave function renormalization constants are defined in terms of the 2-point functions of the 
fundamental fields as 



^Zaa 



SZzz = -Re 



ZZli.2\ 



5Zai 



-2Re- ^ ^ ^' 



Ml 



^^^^ - ^^aT 



SZh = -Re 



k^=M% 



SM^ = Rei:^^ (M^) , 5Ml = ReEHHiMn). 



6Ml = i?eE^^(M|) 



(194) 



Prom the counterterms Lagrangian defined in terms of the Zyy factors given above, we compute the corresponding 
counterterm to the EMT ST^"' and renormalized EMT 



(195) 



36 



which is suiBcient to cancel all the divergences of the theory. One can also verify from the explicit computation that 
the terms of improvement, in the conformally coupled case, are necessary to renormalize the vertices containing an 
intermediate scalar with an external bilinear mixing (graviton/Higgs). The vertices extracted from the countertcrms 
are given by 

5[TAAY'''-P{ki,k2) = -i'^!^ki-k2C^'"'^ +D^'''^^{ki,k2)^SZAA, (196) 
(5[TAZ]^'^"'3(fci,fc2) = (fcf^fci-fc2 + <5c^^Af|) C"^""'^ + fcf^i?^""'^(fci,fc2)|, (197) 

(5[TZZ]^''"'^(fci,fc2) = -i^l (fcf^fci •fc2 + <5cf^Af|) C'"'"^+<5cPl?^''"^(/fci,fc2)|, 



(198) 



where the coefficients Sc are defined as 



Jcf ^ = i {5Zaz + SZza) , = ^SZzA , Scf^ = SZzz , Sc^^ = Af| SZzz + 5Ml . (199) 

These countertcrms are sufficient to remove the divergences of the completely cut graphs (E'^'^"^(p, q)) which do not 
contain a bilinear mixing, once we set on-shell the external gauge lines. This occurs both for those diagrams which 
do not involve the terms of improvement and for those involving T/. Regarding those contributions which involve 
the bilinear mixing on the external graviton line, we encounter two situations. For instance, the insertion of the 
bilinear mixing on the TAA vertex generates a reducible diagram of the form Higgs/photon/photon which does not 
require any renormalization, being finite. Its contribution has been denoted as Aj'^"^ {p, q) in Eq. (jl53p . In the case 
of the TAZ vertex the corresponding contribution is given in Eq. (jl65p . In this second case the renormalization is 
guaranteed, within the Standard Model, by the use of the Higgs/photon/Z counterterm 

diHAZ]"^^ = i^^5ZzA v"^ ■ (200) 

As a last case, we discuss the contribution to TZZ coming from the bilinear mixing. The corrections on the graviton 
line involve the graviton/Higgs mixing iT,'^'^{k), the Higgs self-energy iYiHH{k^) and the term of improvement 
^/^HZz(P'9)' which introduces the Higgs/Z/Z vertex (or HZZ) of the Standard Model. The Higgs self-energy and 
the HZZ vertex, in the Standard Model, are renormalized with the counterterms 

5[HH]{k:^) = i{5ZH k^ ~ MfjSZn - SMfj) , (201) 

2sl-clSs^ , 16Ml . 1 



rj"l' . (202) 



The self-energy iT,'^'^{k) is defined by the minimal contribution generated by T'*^™ and by a second term derived 
from T^^. This second term is necessary in order to ensure the renormalizability of the graviton/Higgs mixing. In 
fact, the use of the minimal EMT in the computation of this self-energy involves a divergence of the form 

S[hH]Zn = ^^Stv'''', (203) 

with St fixed by the condition of cancellation of the Higgs tadpole Tad [St + Tad = 0) and hence of any linear term in 
H within the 1-loop effective Lagrangian of the Standard Model. A simple analysis of the divergences in iS^J^^ 
shows that the counterterm given in Eq. 12031 is not sufficient to remove all the singularities of this correlator unless 
we also include the renormalization of the term of improvement which is given by 



5[hH]r{k)^~z^(-\\i 



Sv + ^SZh 



vik^T]"" -kf'k"). (204) 
One can show explicitly that this counterterm indeed ensures the finiteness of iT,f^'^{k). 
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9 Comments 



Before coming to our conclusions, we pause for some comments on the meaning and the impHcations of the current 
computation in a more general context. This concerns the superconformal anomaly and its coupling to supergravity, 
aspects that we will address more completely in the near future. 

The study of the mechanism of anomaly mediation between the Standard Model and gravity has several inter- 
esting features which for sure will require further analysis in order to be put on a more rigorous basis. However, 
here we have preliminarily shown that the perturbative structure of a correlator - obtained by the insertion of 
a gravitational field on 2-point functions of gauge fields - can be organized in terms of a rather minimal set of 
fundamental form factors. Their expressions have been given in this work, generalizing previous results in the QED 
and QCD cases. The trace anomaly can be attributed, in all the cases, just to one specific tensor structure, as 
discussed in the previous analysis. 

We have also seen that at high energy the breaking of conformal invariance, in a theory with a Higgs mechanism, 
has two sources, one of them being radiative. This can be attributed to the exchange of anomaly poles in each 
gauge invariant sector of the graviton/gauge/gauge vertex, while the second one is explicit. As discussed in Q this 
result has a simple physical interpretation, since it is an obvious consequence of the fact that at an energy much 
larger than any scale of the theory, we should recover the role of the anomaly and its pole-like behaviour. 

In turn, this finding sheds some light on the significance of the anomaly cancellation mechanism in 4-dimensional 
field theory - discussed in the context of supersymmetric theories coupled to gravity - based on the subtraction of 
an anomaly pole in superspace 24|. Let's briefiy see why. 

The theory indeed becomes conformally invariant at high energy and, in presence of supersymmetric interactions, 
this invariance is promoted to a superconformal invariance. In a superconformal theory, such as an A/" = 1 super 
Yang-Mills theory, the superconformal anomaly multiplet, generated by the radiative corrections, puts on the 
same role the trace anomaly, the chiral anomaly of the corresponding U{1)r current and the gamma trace of 
the corresponding supersymmetric current. Notice that these three anomalies are "gauged" if they are coupled 
to a conformal gravity supermultiplet and all equally need to be cancelled. The role of the Green-Schwarz (GS) 
mechanism, in this framework, if realized as a pole subtraction, is then to perform a subtraction of these pole-like 
contributions which show up in the UV region, and has to be realized in superspace 24, 2^ for obvious reasons. 
Then, one can naturally ask what is the nature of the pole that is indeed cancelled by the mechanism, if this is 
acting in the UV. The answer, in a way, is obvious, since the mechanism works as an ultraviolet completion: the 
"poles" found in the perturbative analysis are a manifestation of the anomaly in the UV. 

As we have explained at length in Q these poles extracted in each gauge invariant sector do not couple in 
the infrared region, since the theory is massive and conformal invariance is lost in the broken electroweak phase. 
Looking for a residue of these poles in the IR, in the case of a massive theory, is simply meaningless. Indeed their 
role is recuperated in the UV, where they describe an effective massless exchange present in the amplitude at high 
energy. 

Therefore, the 1/s behaviour found in these correlators at high energy is the unique signature of the anomaly 
(they saturate the anomaly) in the same domain, and is captured within an asymptotic expansion in v'^ /s Q. Thus, 
the anomalous nature of the theory reappears as we approach a (classically) conformally invariant theory, with s 
going to infinity. 

Obviously, this picture is only approximate, since the cancellation of the trace anomaly by the subtraction of 
a pole in superspace remains an open issue, given the fact that the trace anomaly takes contribution at all orders 
both in Gn and in the gauge coupling. The resolution of this point would require computations similar to the one 
that we have just performed for correlators of higher order. Indeed, this is another aspect of the "anomaly puzzle" 
in supersymmetric theories when (chiral) gauge anomalies and trace anomalies appear on the same level, due to 
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their coupling with gravity. 

10 Conclusions and Perspectives 

We have presented a complete study of the interactions between gravity and the fields of the Standard Model which 
are responsible for the generation of a trace anomaly in the corresponding effective action. The motivations in favour 
of these type of studies are several and cover both the cosmological domain and collider physics. In this second case 
these corrections are important especially in the phenomenological analysis of theories with a low gravity scale/large 
extra dimensions. We have defined rigorously the structure of these correlators, via an appropriate set of Ward 
and Slavnov- Taylor identities that we have derived from first principles. We have given the explicit expressions 
of these corrections, extending to the neutral current sector of the SM previous analysis performed in the QED 
and QCD cases. We hope to return in the near future with a study of the charged current sector and a complete 
characterization of the effective Lagrangian of the SM. Here we have made a first step in that direction. 
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A Appendix 

We summarize here some of our conventions used in the computation of the various contributions to the total EMT 
of the SM. 

The definitions of the field strengths are 

F^u = d^Gl-d,Gl+gJ'^'>'GlGl, (205) 

F^^ = di.A^-d^Ai.+gsmewXi^i', (206) 

Zn„ = d^Zu - duZij, + g cos OwXtiv , (207) 

W+ = 9^ W+ - d^W+ - ig [cos6wZ^W+ + sin ewA^W+ - (m o y)] , (208) 

= d^W- - d,W- + ig [cosOwZ^W- + sin OwA^W- - (^ o y)] , (209) 

with given by X/ii/ = ^fW^W^ — W+W~]. As usual, we have denoted with /"^"^ the structure constants of 
SU{3)c, while e = fifsin^^^. The fermionic Lagrangian is 

e/-l-7^, 
\/2sva.6w V 2 ^ 

2 ^ J sm 20w 2 sm 20w \ 2 

- 2 sin^ Ow^ Z^ + ^2^^ (i^u^^-^^d W+ + ^5^7" V-u W^;7 

+ —^^"7^ f ^^ - 2 sin^ ew 1) V« Z^ - — v;rf7^ f i-^ - 2 sin^ ew\Hd Z^ 



sin2ew ' V 2 gy-"-^ sin2^?v^""' V 2 "^3 

+ eA^(^- ^e^i^, + ^ i>ul^i}u - \ i'dY^^ + 9sGl (^ul^'t'^^u + ^dl^'t'^^^ . (210) 



The gauge-fixing Lagrangian is given by 



c,.f,.. = -Y^i^^f - Y^i^'f - |(-^+)(-^-) - ^(•^^)' , (211) 
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where the gauge-fixing functions in the gauge are defined by 



1 



(212) 



and we have used for simphcity the same gauge-fixing parameter ^ for all the gauge fields. Finally we give the ghost 
Lagrangian 



(cos 9wV^ +sm9wV^) - {cosdw + sin BwA^)!]^ 



77 {cosOwZf^ + sinOwAfj^) — {cosOwV^ + sin ^wr;"^)^^ 

e^Mw 



+ d^n 

+ sin26'vi/f7^?7 
-|- [v + h — i4>)fj^ri 



sin 26* 



w 



cos 29wil^il^ 



2sin( 



-Mw 



'w 



{v + h + i(f>)ri'^ T]'^ 



2 sin 9w 

B Appendix. Ward identities 



sin 26* 



w 



(213) 



For the derivation of the Ward identities, the transformations of the fields are given by (we have absorbed a factor 
\/—g in their definitions) 

Vl^{x) = V;t{^) - J d'y [5^^\x - y)d,Vlt{x) + [d^6^'\x - y)]V,^V{y) , 
J'{x) = J{x)^ j d^yd,[5^^\x~y)J{x)y{y), 

X'(x) = x{x)- j d^yd.[5^^\x^y)x{x)y{y). (214) 
The term which appears in the first line in the integrand of Eq. (j45p can be re-expressed in the following form 



d^x Fe^, 
V 



- 5(^\x - y)d,V^{x) - [d^5(^\x - y)]V,^ 



= -ve^' + V- 



P)/^ -\-V V- 



QfJ.p _ QPM 



(215) 



where in the last expression we used the covariant conservation of the metric tensor expressed in terms of the 
vierbein 



(216) 



Other simplifications are obtained using the invariance of the action under local Lorentz transformations [26 1 
parameterized as 



(217) 
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that gives, using the antisymmetry of w— 



^a^V - V^a^P - + ^14- = . (218) 



The previous equation can be reformulated in terms of the energy-momentum tensor 0'^" 

1/(9^" _ e"'^) = V^CT^^H - ^a^^V , (219) 
oyj dtp 

which is useful to re-express Eq. (|215p in terms of the symmetric energy- momentum tensor T'"^ and to obtain 
finally, in the flat space-time limit, Eq. (l46l) . 



C Appendix. BRST transformations and identities 

Here we illustrate the derivation of some identities involving 2-point functions using the BRST invariance of the 
generating functional 

Z[J,T] = / V^e'^ , (220) 



with 



'5M 



J^ix)A^{x)+fj^{x)uj^{x) + 



+ X^{^)^^{^) + X^(a:)J-^(^) + x'{x)T+{x) + {x)^- {x) 



(221) 



For convenience we have summarised the BRST transformation of the fundamental fields of the SM Lagrangian 
used in the derivations of the various STFs in section |6] 

5AI - \Dfc\ Sc^ = -IgXf-bc^bc^^ 5e ^ -1^- A = --^{d^A^X , 

5i) = igXc^ftP, dtp = -igtpt^Xc", (222) 

for an unbroken non abelian gauge theory, and 

SB^ = X d^VY SW; = XDfr^l - Xid^vl + 

5H = ig'YHXrjY + igT^'HXrjl, SH'' = -ig'H^'YXTjy - igH^T^Xijl, (223) 
for the electroweak theory. 

We require that SbrstZ[J, J^] = under a variation of all the fields and gauge-fixing functions. We then differentiate 
the resulting equation with respect to the sources of the photon and of the antighost to obtain 

^j^-^^^-^^6snsTZ[J,T] = J V^e^^!^rfiy)SA,ix)+6fj^{y)A,{x)^ = 0. (224) 

Introducing the explicit BRST variation of the antighost field fj^{y) and of the gauge field A^[x) we obtain 

{fi^{y)D^V^{x)) = ^-{d^Ap{y)A,{x)) . (225) 

Similarly, in the case of the Z gauge boson, we take two functional derivatives of the condition of BRST invariance 
of Z[J,F], as in Eq. (|224p . but now respect to J^^(a;) and to uj^{y), to obtain the relation 

{fj^{y)D^V^{x)) = i(^^(y)Z,(x)) . (226) 
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On the other hand, two functional derivatives of the same invariance condition, now with respect to J^^{x) and 
to u)^{y), give 

{DXi^)v'{y)) = j{:F^{y)Mx)) . (227) 
C.l Identities from the ghost equations of motion 

A second class of identities is based on the equations of motion of the ghosts. Differentiating 5brstZ[J,T] respect 
to the source of the photon antighost oj^{x) and to the source of the corresponding gauge- fixing function x^iu) 
gives 

-^{d"A„ix)d^A0{y)) = {v^ix)S^iy)) . (228) 
At this point we consider the functional average of the equation of motion of the ghost of the photon 



S^{y)+uj^{y)\= (229) 



and take a functional derivative of this expression respect to the source uj^{x) of the antighost r]^{x), obtaining 
the equation 

i£^iy)f]^{x) + 6^^\x-y)\= 0, (230) 



or, in terms of Green's functions 

-^{T^{x):F^{y)) = -^{d"A„{x)d^AM = {V^i^)£^{y)) = -iS^'H^ ' v) . (231) 

which involves the correlation function of the photon gauge-fixing function. 
It is not hard to show, using the same method, the following identities 

(T^{x)d''A^{y)) = 0^ (J-^(x)A„(t/)) =0, 

{J^^{x):F^{y)) = -i^6^^){x-y). (232) 

D Appendix. Feynman Rules 

We collect here all the Feynman rules used in this work. All the momenta are incoming 
• graviton - gauge boson - gauge boson vertex 

ya 




i^l {h-k2 + M^) C"^''"'^+D^''"^(A;i,A;2) + i£;^""''(fci,fc2) 



(233) 



where V stands for the vector gauge bosons A, Z and W^. 
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graviton - fermion - fermion vertex 




(234) 



graviton - ghost - ghost vertex 



if 



(235) 



where 77 denotes the ghost fields ed ij^ . 

graviton - scalar - scalar vertex 
S 



y .n 

✓ = ^ 



^2 

S 



(fci + k2Y{ki + k2T - ri^'iki + k2f 



I K 

3 2 



(236) 



where S stands for the Higgs H and the Goldstones <j) and <jr^ . The first expression is the contribution 
coming from the minimal energy-momentum tensor while the second is due to the term of improvement for a 
conformally coupled scalar. 

graviton - Higgs vertex 



2 3e \ ' 

(237) 

This vertex is derived from the term of improvement of the energy-momentum tensor and it is a feature of 
the electroweak symmetry breaking because it is proportional to the Higgs vev. 
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graviton - three gauge boson vertex 

VP w--" 



= —ieC\ 




+0^""^^ {k^ - kl) + F^'"P^''{kx,k2, fc3)| 



where Ca = ^ and Cz = j^- 

graviton - gauge boson - scalar - scalar vertex 

V" S2 




with CvSiSa given by 



-A4,+4,- 



= 1 C 



z<t>+(t> 



graviton - gauge boson - ghost - ghost vertex 




CzH<j> = 



(238) 



(239) 



(240) 



where V denotes the A, Z gauge bosons and r] the two ghosts and r] . The coefBcients C are defined as 



1 c 



Ar]- 



1 Czn+ = — C 



graviton - gauge boson - gauge boson - scalar vertex 
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where V stands for A, Z o and S for 6^ and H. The coefficients are defined as 



(241) 



^ZW-(t>+ = LzZH = 



Cw+W-H 



graviton - scalar - ghost - ghost vertex 



k2. 
4 




where S = H and rj denotes 77+ , rj and t]^ . The vertex is defined with the coefficients 



_ _ 1 _ 1 

CHr]+ — Chti ^ Chti" — ^ • 



• graviton - three scalar vertex 



Si 



\ ki k2/ 



(242) 




= -«eCs,s,s3-r?''" 



with S denoting H, (p and We have defined the coefficients 



1 M| 



2s^ Mz 



HHH — 



3 M|r 
2sw Cyj Mz ' 



(243) 
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(244) 

where S is only the Higgs scalar H. 
• graviton - photon - fermion - fermion vertex 




(245) 

where Q/ is the fermion charge expressed in units of e. 



• graviton - Z - fermion - fermion vertex 




(246) 

whore Cl and C[ are the vector and axial- vector couplings of the Z gauge boson to the fermion (/). Their 
expressions are 

denotes the 3rd component of the isospin. 
• graviton - four gauge bosons vertex 
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w-p 



where Vi e V2 denote A or Z. The coefBcients C are defined as 



f^AA = i t'AZ = OzZ = — • 



graviton - gauge boson - gauge boson - scalar - scalar vertex 




^ =-ie Cviy2SiS2 2^ 



(247) 



(248) 

where Vi and V2 denote the neutral gauge bosons A and Z, while the possible scalars are (j), (jf^ and H. The 
coefficients are 

\2 



Caa4>+cI> 2 CAZ(j>+(j>- 



C 



ZZ<j>+(j)- 



c 



ZZ4,4, 



■ CzZHH 



1 



The tensor structures C, D, E and F which appear in the Feynman rules defined above are given by 

Cuvpa = Qnp Qi/tT + gp,<T 9vp Qp-v Qpa j 



Dpi, pa {kl,k2) ^ gpu kia k2p 



g^'^k'^k^ + ff^p kiak2v- gpa ki^k2u + {iJ- ^ v) 



Epupaiki,k2) = gpv {klpkia + k2pk2a + kipk2a) - 



Qua klpkip + g„p k2pk2a + {lJ-^y) 



Fpupa\{ki,k2,ks) =gppgax (^2 - ks)u + gpu gpX {ks - ki)u + gp\gpa{ki - k2)v + (/U z/) . (249) 



E Appendix. The Scalar integrals 

We collect in this appendix the definition of the scalar integrals appearing in the computation of the correlators. 
One-, two- and three-point functions are denoted, respectively as Aq, Bq and Co, with 



(250) 
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We have also used the finite combination ol two-point scalar integrals 



(251) 



The exphcit expressions of Aq, Bq and Co can be found in 27 1 



F Appendix. Propagators at 1 loop 

We report here the expressions of the self-energies appearing in Section [6] They refer to the case of two vector 
bosons {Vi, V2), one vector boson and a scalar (VS) and two scalars (SS). The self-energies carrying Lorentz indices 
are decomposed as 



1/3 



(252) 
(253) 



We denote with A the infrared regulator of the photon mass. We denote with m/.i, m„ j and rrid^i the masses of the 
lepton, u-type and d-type quarks of generation i respectively. 
The self-energies are then given by 



^rip') 



n'ip') 



^^ip') 



a (2 



(p2 + 2m^)Bo(p^m^,TOp + 2ra)BQ{Q,ra),m)) 



1 



-I- 



^2 ^2 



+ ^-^fBoip\mj,n.j) 

X Bo{p^Ml,Ml)-{2Act 
1 



- (p2 + 2m})Bo{p^ m),m)) + 2m}BoiO, m}, m}) + ^p' 



(18cf„ -t- 2cl - -)p' + (24ct + I6cl - 10)MI 



P 



2)Af^i?o(0, M^, Ml) + {4ci - 



12,2 p2 

(M|-M ^)^ 
a 



{2Ml - lOAff - p')Bo{p\Ml, Ml) - 2M|Bo(0, A/|, M|) - 2A/|fBo(0, M^, M^) 

2 



{Boip^Ml Ml) - So(0, Af|, a4)) - 



1 

a 



E Ca^ nijBoip^ m},m}) + M^ct - si)Bo{p^Ml, M^) 
((Af| - Af^)2 - 4A//|p2) Bo(p2^ M|, A4) + (A//| - A^^) (Ao(A4 - AoiM^))) 



4:7r S711 C71 



{p^ + 2m))Bo{p',m),m)) - 2m^So(0, mj, mj) - -p^ 



(254) 
(255) 



(256) 



(257) 



(9c^ + i)p2 + (12c2^ + 4)Afil, ) Bo(p', M^, Af^) - (12c^ - 2)A//^i?o(0, A^^, A^^) + ^p' 



(258) 
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a 

S7/1 C'l 



-M^Bo{p^M^,M^), 



a 



2n s. 



-Ml,Bo{p\M^,M^), 



Mm 



+ 



2^52 c2 yC{^^^Bo{p\m),m))+'-^c^{'icl-?,)B^{p\M^,M^) 



((M| - M%f - 3My^) Bo(p^ Ml Ml) + (M| - M^) (Ao(M2 )) 



47rs2 c2 M| , ^ 



1 

+ - 



+ 16 



p^Bo{p^,m),m))-2AQ{m)) 
2 ((Mi - Mlf - 2M|p2) So(p^ M|, Mi) 



+ (Mi + 2M|)Ao(Mi) + (3Mi + 4M|)Ao(M|) - 4M| 
SHi^(/) = -£{E^c5^^?|^^2A(m^)+(4m^/-p^)Bo(p^m^,m^) 



477 
1 

1 



4o2 ,^2 



6M| - 2p2 + j So (p^ M|, M|) + (^3 + ^ j A (M|) - 6M| 



3 



3^So(p^Mi,Mi) + ^A (Mi) 



(259) 
(260) 

(261) 



(262) 
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a r 1 

4^134 



E 



^-P^\Bo (p^ 0, mli) + ^-+ mliBo (O, m^, m^,) 



2p 



ml A + m\ 



+ 
+ 



1 '"-w.i' '"-dj; 
2 \1 



m. 



2p2 



■ (Bo (p^ ml^i, mlj) - Bo (O, m^ ^, mlj) ) 



{2M^ + 5p^)Bo (p^ M^, - 2M2,Bo (O, M^, M, 



2 
3 

^ (Bo (p^ M^, A^) - Bo (0, M^, A^) ) + ^ 
p o 



+ 



12s?„ 



((4o4 - ly 



+ (16c^ + 54 - 10c-2)m2,)Bo (p2, M|) - (16c^ + 2)(m2,Bo (O, M^,, M^) 

+ M|Bo (0,M|,M|) ) + {Aci - 1)^ - (84 + (/,M^,M|: 



Bo{0,M^,M^z)) 



+ 



12s?„ 



(2M^ - lOM^ - (p2^ M^, Ml) - 2M^Bo (O, M^, M^) 



2MlB, (0, M^, Ml) - (B„ (p2^ M^, M^) - Bo (O, M^, M^) ) - ^ 

p o 



(263) 



G Appendix. Contributions to the form factors 

We give here the remaining coefficients appearing in the form factors of the TAZ and TZZ correlators. 
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G.l Form factors for the TAZ vertex 



-9s^M| + 12sM| + 2M| + s^) + 2m) {sM\ + M| + Ss^) (s, 0, m^, m^) 

r2 ™2 _2 



2(M|-s) ^° "'Z' 

+mj (4mj (sM| + M| + s^) + 3s^M| + 6sM| + M| + 2s^) Co (s, 0, M|, m^, m^, m)) | , 

C'(»,0,M|,m?) = -q ^^^l { - 1 (12„? + 2M| + .) - 2„.?Po (a, 0. 

[4m2.(M| + 2s) + sM|] , 9 , 9^ 9/ , 9 n . 9 9 9 9n 
+ 2(M|- g) ° " (^""Z + M| + 2s) Co (s, 0, M|, m^, , m}) 

+ ^_^j^2 -1^0 {s, Ml, m),m)) - Qm) M| Cq (s, 0, M|, m^, m^, m^) | , 

+ 2(M|-5) ^° "^/^ 

+ 3m^M| (4m^ + M| + 3s) Co (s, 0, M|, m^, m^, mj) | , 

^^isAMlmj) = -^fY^^(^f^{^(36m^ + M| + ll«) + (2^-2M|)So(s,m^„m^) 

2 / 2 2N / 2 2(m2(M|+4s) + M|)\ , , , 9x 
+2m^I?o (s, 0, m^, m^) + Um| - ^ _ ^ 1 ^0 (s, M|, , m^) 

+6m^ (2m^ + s) Cq (s, 0, M|, mj, mj,mj) | , (264) 
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+ M| (-724 + 1744 - 103) - 36sM| (24, - 94 + 7) + (6^ - 5) ) 

- 24 M| (M| - s)' So (s, Af2,, M^,) + M|4 (64 (sM| + M| + Ss^) _ 9sM| - 3M| - 135^) x 

X ©0 (s, 0, M^, M^,) + {2s'' Ml (544 - 115s^ + 6I) + 2M| (Ss^ - ll4 + 5) 

+2sM| (I8st - 374 + 19) + (34s^ - 35) )Vo [s, Ml, M^, M^) 

-M|4 {2s' Ml {6st - 3sl + 4) + sM| (12 {si -5)sl + 4l) + 2M| (6st - 15s^ + 8) 

-s^ {6sl + 5) )Co (s, 0, M|, M^,, M^,, M^) | , 

^f)(.,0,M|,M^) = -^fl^;(^{^(M|(724-1744 + 103)+.(5-64)) 
+2M|4Bo (s, M^,) + 3M| (2st - + l) (s, 0, M^, M^) 

(^i («'^'- - 5) + - 7)) Po Ml, M^, M^) 

+M|4 (2M| (6st - 15s^ + 8) + s (7 - 6s^)) Co (s, 0, M|, M^,, M^,, M^,) | , 

$f)(.,0,M|,M^) = -f^;(7Z^{-l^(M| + 2.)(M|(724-1744 + 103) 
+s (5 - 64) ) - 2M|4 (M| - 4s) So {s, M^, M^) + 3M|4 (24 (M| + 2s) 
-M| - 6s)Po (s, 0, M^, MD + {Ml + 2s) {Ml (6s^ - 5) + 2s (6s^ - 7)) x 

X ©0 (s, M|, M^., M^) - M|4 (M| + 2s) (2M| (6st - 155^ + 8) 

+s (7 - 6sy )Co (s, 0, M|, M^, Ml,, M^) | , 

$f)(s,0,M|,M^) = 6^,^ (, _ ^Mlf {^^ (^^"^ ~ + 12M|4Bo (a, M^, M^) 

+8M| (3st - 4s^ + 1) Po (.s, 0, M^, M^) - —j^ (s (24st - 62s^ + 39) 
-12M| (6st - lls^ + 5) )Vo (s, Ml, M^, M^) 
+6M|4 {Ml {2sl - 1) - 2s) Co (s, 0, M|, M^,, M^,, M^,) | , 

$f)(s,0,M|,M2,) = _i^_^^_l-^|_iM|(M|(72st-90s^ + 17)+s(53-54s^)) 

-5M| (6st - 114 + 5) {s, 0, M^., M^) - ^^^^^2^ (18M| (Ss^ - Hsl + 5) 

+sM| (48st - 70s^ + 21) + 24s24)l?o (s, Af|, M^, M^,) - 3M|4(M| (l2st - 20s2 + 9) 

+sM| (9 - 14s^) + 2s2)Co (s, 0, M|, M^,, M^,, M^,) 1 , 
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$(-)(.,0,M|,M^) = -i6^(7T^{^(M|(544(7-44)-16l)+.(2704- 
+ i (M| (43 - 424) + s (184 - 19)) Bo {s, M^, M^) + (m| (6^ - ll) - 65) x 
X Vo {s, 0, M^, M^) ~ ^^-^^(M| (124 + 84 - 21) + 25Af| (244 " 744 + 5l) 
+ 12s^cl)Vo {s,MlM^,M^) - 34(Af| (64 - ll4 + 5) 
+.sM| (6 - 84) + 2s^)Co {s, 0, M|, M^, M^, M^) | , 

G.2 Form factors for the TZZ vertex in the fermionic sector 

The coefficients of Eq. (I174p are given by 



C(F)i = 0, 

2 

^ 2 IK am J Qfi 

'^'"''s = 37rs2c2 (s-4M|)2s2 



(s'cf ' - 2 (cr + C^f Af| + 2s (ci ^~C[' 



- 16s m^M| + 2s^mjJ + (4A4 - 2 (8m} + s) Af| + s (4m^ + s)) 



Z ) 



3 ^ tKQ 

- 17s (Cf ' + ^ Afl + s (Ss (ci' ' + - 2 (21Cf ^ + Cf) m^) M|) , 



I Ml 



(^(I60m;). + 116smJ- + 3s^) CP + C'P {4m} + 3s) {Smj + s)) 
2sm^ ((40m^ + 21s) cP + CP {8m} + 5s)) i\f| + s^ (5(7^ + C^) (2m^ + s) 
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s (48 (2Cr + 3Cr) + 13s (c^ + C^)) M| + (sC^ + (24m^ + «)))' 



IK a 



— ( - 36 (Cf ^ + Cl ^) Ml + 2 [56 (sCf ^ - Cl 2) 



9s + ^ - 2s ((98m^ + 5s) ^ + ^ (5s - 22m^)) M| 

{Ci ' + C,^ (I2m^ + s) Ml + 4s^ (cf - Ct) {cl + Cl) j , 



Unscl (s -4Af|)3s2, 
3s + Cr) )m| +4m^ ((40m^ + 21s) Cf' +(7^ (8m^ + Us)) M| 

2smy (24 + C^) + s (rCf ^ + 13C^ M| + 2s (c^ (9mj + 4s) 

cl ' (3m^ + 2s) ) Ml + s^ (cl - Cl) {cl + Cl) m] {2m] + s) 



12s (s {qcI ' + ^) m) + 5s (cf ^ + Cl ) M| + s' (96m^Cf ' + 7s (c^ + Cf 



247rsci, (s - 4M|) sg, V 



I). 



2 f (scr - 5C7£ + 2s [d ' + ) M| 



- 24,.cl(^!:^M|)..i (» ' + Ml + 4 ( (, - 84™?) " 

d ' (28m^ + s) ^ Ml - 3s (44 {cl ' - 3Cf + 5s (cf + Cl ) M| 

2s^ iy[s- 79m]) d ^ + (29m^. + s) ^ M| + 4s^ (sC^ ^ - 2C^ ^) j , 

- 24,,^(n«i)^.i (-'"'(<^^'+"^')"^° 

2 (^16 (7C£ + Cif + 33s (cl ' + (7^) ) M| 

2 (^32 (5Ci ' + Ci m) + 4s (siCf ^ + hCl ^) + 15s^ [ci ^^GI'^^mI 

s [z^\m)Ci ^ + 16s (l6Cf ^ + C^) + 3s^ {cl ^ + C^f ^ M| 

2s' (^C^ ^ (6my + s) - ' (66m/ + 35s) j M| + s^ {iCl ^ -Ci'^^ mj {2mj + s) 
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- 2s (144m/ + 35s) M| + s^ (48my + lis) j , 
^^-)^ = - 24.scMr-4M|)s^ fcr + Cr)(.-2M|), 



= 24.sc^ (f- 4M|) s^ ^ + ^'') + - ^ + ■ 

+ 4s (e (llCr + 3Cf - 7s (cf ' + C,^ ) M| 

+ s' (7 (s - 20m^) ' + ' (7s - 44m^)) M| + 4s' (scf ' + 2C„^ mj 

= 8.sc^ (s -^Ml) 3s^ ( - ^-/^^ + ( - + ^ (^-^ + 

- s (I2my + lis) M| + 2s^ {mj + s)^C[^ 

+ - 4Mi" + 2 (lem^. + 9s) M| - (64m) + 56sm^. + lls^) M| 

+ 2s (32my + 16smy + s^) M| - s^my (20my + 9s) M| + s'my (2m/ + «))), (270) 



- 4 + (s - 24m^) M| - 2s ((s - 20m^) cP + (76m^ + s)) M| 

+ s' (32 (Cif ' - 2Cl mJ + 3s (cl ' + C^) ) M| j , 

= - 8.sc^ (s - 4M|) 3sl ( - ^-^^^^ + H " ^^"^^"^^ 

+ s (4m^. - 3s) M| + s'^ Cf ^ + Cl 'm| (^4 (Af| - 4m/) + 8sm/ (5M| - 4m/) M| 

+ s' (3m/ + M|) + s^ (4m/ - 20M|m/ - 3M|) j j , (271) 
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^(-)o = 144..^cMr-4M|)3.. (^r + Cr) (-216M| + 8(96^ + 19.)M| 

- 24s (16m/ + s)Mz+ 3s^ (3s - 16m/) M| + s^ (24m/ + s) j , 

= 12.s^cMr-4M|)^s^ (c;f- + Cr)^H-6M| + sM| + s-) , 

- s ((20m/ +s)CP + Cf^ (s - 108m/)) M% + ((34m/ + 3s) C7f ^ + C^^ (3s - 62m/)) M| 



+ ((s - 22m^) d ' + Cr (2m^ + s)) M| + 2s* (2Cf ' + 



2 \ 2 

m/ 



^(-)^ = 12.s^e^ (f- 4M|) ( - (^-" + ^-") + ^ (^-" + ('^'-f + 

+ 4 (-80 (cf ' + Cr) - 2s (l5C^ ' + 31Cf mj + 3s' (c^ ' + C^) ) M| 

+ s (256 (c£ ' + Cl m) + 8s (13^^ ' - 7C£ ') m^ - 9s' (cf + C^) ) M| 

+ s' (^ - 36 (cr + C,^ ^) + 2s (23Cf ' - ISC^ ') m^ + 3s' (c[ ' + C/') ) m| 

- s^m^ (lO (cf ' + C7„^ ') m^ + s (l5Cf ' + C7/ ')) M| 

+ s*m^ (2 {m} + s) Cr + C,^ ' (2m^ + *)))' (^^^^ 

^(^)o = - 72.s^eMr-4M|)3s^ + (i08M| - 2 (l92mK 83s) M| 

+ 3s (l28m/ + 23s) M| - 6s' (28m/ + s) M| + s* (24m/ + s) ^ , 

^(^H = 6.s^c^ (s -1m|) ^s^ + (^^^ - ^-^^ + ' 

= - ..^ciilZM^rsl (^r + Cr)mH3M|-3sM| + s') , 



z) 



2 

m/ 



- 4s (2 (ci ' + 33C^ ') m/ + 15s (c^ ' + ') ) M| + 4s' ( (5s - 18m/) Cl ' 
+ 5Cr (6m^ + s) + s^ (sCr + (s - 48m^)) M% + 4s* (cf + 20^) 

+ 8 (40 (cr + Cr) m) + s (33Cf' + 49Cr) m^ + 3s' (cf + Cr)) M| 

- s (^352 (cf ' + C^) m/ + 20s (sCf ' + 13C^ ') m) + 9s' (cf ' + Cf) ^ Aff 

+ s' (18O (ci' ' + + 8s {ci ' + lOC^ ') + 3s' (cf ' + ') ) M| 

- s^m^ (44 {ci ' + Cr) + s (3Cf ' + nCl ') ) Ml 

+ s^m) {{Am) + s) Cr + 2C^ ' (2m^ + «)))■ (273) 
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G.3 Form factors for the TZZ vertex in the W sector 

The coefficients corresponding to Eq. (jlTSp are given by 



(W)o 



(w)i 

2 



C(vl/)2 



2 

(1^)3 



(W)4 



(w)o 



(W)2 



(W)3 



(W)4 



12 s2 c2 7rs2(s_4M|) 



2A4 (-12s^ + 32st - 29s^ + 9) 



sM| 



(4 (4 + 4) - 7) - 2s' (4 - 1) ) , 



'"^"^^-(-24 + 34-1) 



I a Ml 



12st + 26s^ - 13) + 2s 
M 



2Mz {I2sl - 32si + 29sl - 9) + sM| (-24s^ + 92st - HOs^ + 4l) 



3 /^2 



8M| {si - 1) (4sS^ - 3) (I2st - 20s^ + 9) 



24 s2 c2 7rs2(s-M|)2 
+ 4sM| {24sl - 60sl + 30st + 25si^ - 18) + 2s'm|(-20s^ + 76st 

- 103s^ + 46) + s^M| (-4st + 24s^ - 19) - 2s'* 



-tK a 



4Mz (I24st - 228sS, + lOl) 



384 s2, cS, 7r(s - 4M|) 
2sM| (412st - 836s^ + 417) + s' (l72st - 356s^ + 181) j , 



—tK a 

8 S^ TV 

—iK a 



6s„ 



10s?„ + ? 



^mI (3s^ (4 [si ~7)sl+ 43) - 56) + s (^9st - 19sS 

2iV/| (-48s^ + 196s* - 304s^ + 151) + sMz{2'isl, - U8st 



39 
4 



96 s2 c2 7r(s-4M|)2 
+ 342s5; - 209) - 2s'Af| (44st - 76s^ + 33) + 24s^ {si - 1 

Ml {Asl ~ 3) (48s^ - 36st + 16s^ - 3l) 



-IK OL 



48 s2 c2 7r(s-4M|)2 
2sM| (48s^ + 228s® - 532st + 247s^ + 7) + s'm|(12s* + 276s^ 



- 407s, 



10s,, 



- 128) - s^M| (36s^ + 16s* - 133s^ + 8l) + 12s* 



(274) 



(275) 
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^Mz (4 (72st - 93s^ - 35) si + 225) + 4M|(576st - 1164s^ 



288 s2 d 7rs(s-4A/|)2 

lAQsi - 153) - 2sMz (864st - 1332st + lOOs^ + 369) + (-12st + 20s^ - 9) 

-iKa{12st - 20si + 9)(a - 3M|) 
24s2 c2 7rs(s-4M|) 

-inaMl {si - 1) (M| (-36st + 92s^ - 43) + s (l2s* - 28s^ + 13)) 
2Aslcl'Ks{s-AMl) ' 

AH 2 2 ~7'^_.1M2^3 ( (44 (84st - 375s^ + 452) - 641) + 2sM|(-264st + 1396st - 1786s^ + 653) 

As'^Mz {SGsl + 32si - 169s^ + 101) + s^M| (48s^ - 60st - 40s^ + 51) ^ , 

24 c2 7s{^-4M^y (^*^^° ~ ~ ^^^^ ~ ^ ~ ^^^^^ ^ ^^^^ 

14s^ - 89) + 2s'^Mz{W8si - GOsl - W3si - 2si + 58) 

s^Mt: (-24s^ - 48s^ + 98st + 34s^ - 6l) + /mI (12s^ - 16st - 5s^ + 9) ^ , (276) 

576slcl'^sis-,M^zr ('""^ - '"'"'^ + - - + 

246s^ + 127) + 24s^M| (l56st - 316s^ + 157) + (-492st + 1028s^ - 525) ^ , 



{6si-Wsi + ^)is-6M'i) ] , 



24s2 c2 7rs(s-4M|) V' 2 

OA 2 2~'T A^^2^ (mI: i-36sl + 1284 - 135s^ + 43) 
24 si cIj -Ksi^s - 4M|) V ^ ' 

^sMl [Usl + 244 - 99s^ + 6l) + s^ ^-94 + 19s^ - ^ 

A,slciX-AMlY (^^^ - + ^^2) ^ 641) 

4sM|(-396st + 16004 - 1781s^ + 577) + s^M| (696st - 26204 + 2758s^ - 839) 

2s^mI (-484 + 2284 - 284s^ + 105) - 244 [si - , 

^, , , AAr2x, fsMi" {Asi - 3) (48st, - 364, + 164 - 31) + sM|(29 - 44 (5404 - 9954 + 458)) 

2s^M|(-364 + 840s^ - 12434 + 229sJ; + 205) + s^Mz (l2s^ - 3724 + 2454 + 508s^ - 391) 

84m| {3sl + lOst - 28s^ + 15) - 12s^ (s^ - l)M , (277) 
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- 24Af| {I6sl - 13) (I2st - 20s^ + 9) + 32sM|(108s^ - 72s^ 

) 



576 s2, c2 7rs(s-4M|)2 

179sS, + 141) - 8s^M| (72st + 276st - 790s^ + 435) + (540st - 1108s^ + 561) ) , 



(-64 + Wsl - |)(s - 2M|) ) , 



24s2 c2 7rs(.s-4M|) V' ""^ ' ^""^ 2' 
2,sic^:C-^MD (^^^ - + 294 - 9) 

isMi {I2sl + 40st - 123sS, + 69) + (^94 - Wsl + t) ) 

- ('l2M| (44, - 3) (124 - 20s^ + 9) 



48 si c2 7r.s(,s - 4M|) 
12sM2 (-366-11, + 404 + s'i - 7) + s^M| (2644 - 2604 - W2sl + 111) 

s^Mzi^Ssl + 28st - ISOsl + 105) + 24s'' {sl-lf^, 

^ , , ^M2^3 ( - 2^^° (3 - 44) ' (124 - 204 + 9) 

8slclns{s - 4M^y \ \ / \ / 

sMz {4sl - 3) (96st - 764 - 36s^ + 15) - s^M|(1204 + 152st - 5384 + 212s^ + 53) 

s^Mz {I2sl + 1204 - 1634 - 61s^ + 92) - 2s'^M'i (84 + 24 - 274 + 17) + 4s-''' {si - l) 

384s^x::^4Mi) H ^''-'^ - ^''-'^ - ^ 

s (-3724 + 7484- 375) - ^-^(^2f:-J^-+^) 
-(124-204 + 9), 



2Aslcl'ns{s-AMiy 



-iKaM* 



^ ' 12st - 32st + 29s^ - 9 1 , 



24s2 4 7rs(s-4M2) 

-iK a M% 
2Aslcl'Ks{s-AMlY 

1290sS, + 393) + s^M| (96st - 220st + 108s^ + 15) - 6s^ (4st - 9s^ + 5) ^ 



■ ^6M| (4s^ - 3) (I2st - 20s^ + 9) + sM|(-456st + 1348s^ 



-IK a M% 



2M| (3 - 4st) ' (12s* - 20s^, + 9) 



8s2 c2 7rs(s-4M2)3 
2sM| (96st - 152st + 20st + 58s^ - 2l) - s^M|(24s^ + 112s^ 

330st + 254s^ - 59) + s^M| (28st - 48st + 15s^ + 5) - As"" {si - l) 
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C(w)i - 






— ^«;a 




24 s2 




7rs^(s — 


4M|)2 








-iK a M| 




24 s2, 




7r,s-^(s — 


4M|)2 


C(W)3 = 






—ina 




48 si 




7rs^(s — 


4M|)4 



^(-)o = 288 d - ( " ^^^^ - - + ^) 

+ 8sM|(576st - 1068st + 484s^ + 15) + 24s^M| (24st - 116st + 166sS, - 73) 

+ 3s^M| (-96st + 332st - 380s^ + 145) + (l2st - 20s^ + 9) j , 

V124 + 204 - 9)(s^ + sM| - 6M|)^ , 

+ 324 - 29s^ + 9)(s' + sMl - 6M|)^ , 

- (^8Mi° (20s^ - 11) (124 - 2Qsl + 9) 
8sM|(324st - 908st + 835s^ - 244) + 2s^M| (744st - 1996st + 1626s^ - 375) 
+ As^M% {-12sl + 20st + 314 - 36) s*mI (-48^ + 172st - 208s^ + 85) ^ , 

q.)! = 24.^ ci JC- 4M1)^ ( - - ^) - - + ^) 

+ 2sMi° (4 (384s^ - 876st + 691s^ - 218) si + 93) 

- 4s^Mz (108s* + 156s^ - 695st + 564sl - 130) - 2s^M|(60s^ - 496st + 865,st - 513s^ + 84) 

+ 2s^M| (I2st - 484 + 41st + 17st - 2l) + s^M| (-12st + 40st - 45s^ + 17) ^ , (280) 

^<-)o = 144 si cl :X - 4M|)3 ( - ^^^^ (^^-- - (^^-- - + 

+ 2sM|(2304st - 4668st + 2852s^ - 429) + 3s^M| (-672st + 1356st - 812s^ + 113) 

+ 3s^M| (96st - 212st + 148s^ - 31) + s" (-12st + 20s^ - 9) ^ , 

■ (^{12st - 2Qsl + 9)(s' - 3sM| + 3M|) j , 
\l2sl - 32st + 29s^ - 9)(s^ - 3sM| + 3M|)^ , 
4M^" (20st - 11) (I2st - 20s5; + 9) 









—IK a 




1 9 'i2 fO. 

J.^ 0^ 0^ 


7I-S2(S-4M|)2 


r< 9 






-in a Ml 




1 q2 f.1 

Oyj L^yj 


7rs2(s - 4M|)2 








— i/ta 




94 s2 ^2 

^'i 0^ Oyj 


7rs2(s-4M|)4 




+ 


2sM|(- 


792st + 2020st 




+ 


s'Ml (- 


-288s^ + 588st 


r 9 






—in a 




1 ,2 ^2 

±Z, L.^ 


7rs2(s-4M2)4 



= -2M|' (4sS, - 3) (20s^. - 11) (I2st - 20s^ + 9) 

+ 4sMz" (528s^ - 1188s^ + 892st - 227si; + 3) - 2s^M|(540s* - 960st 
+ 361st + 147st - 76) + s^M| (264st - 368st + 26st + 90st - 3) 

- 2s'' M| (I2st + 12st - 55st + 35s^ - 3) s^M| (l2st - 28st + 21s^ - 5) ] . (281) 
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G.4 Form factors for the TZZ vertex in the (Z, i/) sector 

The coefficients corresponding to Eq. H182p are given by 



- 24..^eMr4M|).^ (M^ - M|) (. - 2M|) , 
q.,,,: = - 48...e^ (f- 4M|) ^sl ^^^^^ + + ' ^^^) " ^"^^) " ^^^)) 



^ " 48.«2c^ {s - 4M|) (^^^^^ + 

+ 4M| (s-4M|) (2Af| -sA/| + s^)Mi+4sM| (s-4M|)^^ , (282) 



Ciz,H)l = 384^cg, (f-Vl)^.^ (2Mi - 4A/I + s) {&M% + 6 (s - 4A^|) A^ + {s - 28A^|) - 4A/|)) 



C,z^n,l = " 384.cMr-4A^|)^.iL ^^"'^ " (6Afi - 4 (2Af| + .) Af^ + (. ^ 16Af|) (.-6A./|)) , 



'-'{Z,-H)5 



967rcg, (.-4A^|)^.g, ^^^^^ " ^ ^^^^^ + ^^'^ + ^"^^^ + "'^^ + ) ^'^^ " ^'^"^ 



C(z,H)l = — TJ^ZT^ 3A/| - 4 (2A^| + s) M% + (32Af| + 6sAf| + s') M% 

967rcj, (s — 4Af|) si, \ 

- 8MI: (8Af| + s) Ml + (l6Af| + 3sAf| - s^) ^ , 

= 96.c^ (s - 4Af|) (^^^ + ^ ^^^^) + ^ - ^^^^) ' ^^^^) 

+ (s-16Af|) (s-4Af|)^A/|-2Af|(s-4Ar|)^(3s-4Af|) ) , (283) 
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^ ' 288nscl {S-4MI)' si \ 

+ 12Mji (M| + s) + 12M% (6M| - 8sM| + s^) 

^(-■-'^ = 4SnsclMlT- 4M|) ^sl ^'^^^ + ^^^^ " ^^^^^ + ^"^^^ + ^^^^ + -^)) ' 

4 m a (2M|r - 4M| + s) / / o s 4 , 2x / 5 x 2 

^<-^3 = 96.1^ 4M|)3 + ^) Mi + 6 (. - 4M|) (m| + .) M| 

+ M| (4M| - s) (28M| + lis) 

+ 6Mi (m| + s) - 4M| (2M| + 7sM|) 

C,zH)t = — ^f448Mi"- 236sM|-8s'M| + 6s3M| 

^•'^ 487rsc2 M|(s - 4M|f s2, V 

- 2M|r (2s - 3M|) (-24M| - 7sM| + s^) M| + Mfj (44M| - 16sM| - 14s^M| + s^) ^ , 



487rsc2 (s - 4M|) 



+ (64M| + 92sMz + 14s^M| + s^)Mti - 16 (8M| + 5sM| + 2s^M|) mI 
+ sM| (32M| + 22sM| + 4s^M| - s^) ^ , 



^(-■-)^ = 48.sd is - 4M|) 3s^ + -) ^-^^ + - ^^^) + 

+ (s - 4M|) (-56Af| - 32sM| + 7s^) 

+ (s - 16M|) (s - 4M|) ^ (2M| + s) Mi - 4M| (s - 4M|) ' j , (284) 

^(-.«)o = -i^=7?^^n7^f-608M| + 12(59s-12Mi)M| 



5767rsc2 (s — 


4M|) > 


24 {Mfi + sMh 


+ 75^) M| 


in a 




967rsc2 M| (s - 


-4M|)2s2, 


iK a 




96nsclMl (s - 


- 4M|) ^sl 


w a {2Mh - 


AMI + *■) , 


192irscl [s - 


4M|)3s2 1 



^(-■-)^ = 96.sc^M|r- 4M|) ^sl (-^^^^ + ^^^^^ - ^-^^^ + (^^^ - ^-^^ + -^)) 

r 5 _ ««(2Mi-4M| + s) / oM2^M4 

^(^■^>3 - - I927rsc2, (s - 4M|) 3s5, l,^ " ^^'> 

+ 6 (s - 4M|) (3s - 2M|) M| + (s - 4M|) (56M| - 54sM| + s^) ^ 
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C,zH)l = s) /^_i92M|+4(4Af|+59,s)M| 

- 12 (Mi + s) (Mi + 3s) M| + s (l8Mi - 4sMi + s^) 



+ 107s^)M| + s (62M^ + 93sMi + 24s^) M| - Ss^M^ (4M|r + s) M| + 2s^M^ j , 

= (r-"4M|) ( C^^^ " + « ("^^^ + ^^^^ + < 

- 2(-32M| + 50sM| + 8s^M| + s^)M^ + 8 (-16M| + 14sM| + 5s^M|) M^ 

+ sM| (32M| - 26sM| - lls^Ml + 2s^) ^ , 

^(-■-)? = - 48..c^ (f-"4M|) ( - 6^^) + 6 (. - 4M|) (3. - 2M|) M| 

+ (s - 4M|) (56M| - 76sM| + lls^)M^ + 2 (s - 16M|) (s - 4M|) ^ (s - M|) 

- 2M| (s - 4M|) ^ (3s - 2M|) ^ , (285) 

^(-'-)o = - 576.sc^ (i'- 4M|) " ^^^^^^ + " ^^^^ + '^^^ " ^^^) 

+ 24M| (10M| - 9sM| + s^) ^ , 

^(^■-)? = - 96.sclM|r-4M|)^s^ (-16M|+6aM|-3s-M| + 2M|(4M| + a-)) , 

^(-)^ = 96.sc^M|r- 4M|) ^sl (^^^ + - + ' 

^<-'-'3 = 192.ac^ (f- 4M|) ^sl ( ^^^^^ " ^^-) " ^ ^^-) " ^^^) 

- 2 (s - 4M|) ^ (3s 4M|) Mi + (s - 4M|) ^ (8M| - 30sM| + s^) ^ , 

^'-■-)^ = 192.SCI (r 4M|) 3s^ + ^-^^ - ^-^) - ^(^^^ + ^^-^^ 

- 26s^Mi + 4s^)M| + s (36Mi - 6sMi - 4s^Mi + s^) ^ , 

^(-■-)^ = 48.sc^M|r- 4M|) 3.. (^^ - + 6 (^^^ + ^-^^ - ^-^) 

+ s (-6Mi - 43sMi + 6s^) M| + 4s^Mi (4Mi + s) M| - s^Mjj^ , 

= is - AMI) -^sl " ^^^^^ + ^^^^ ( ^^^^ " 

+ (-8M| + 8sM| + s^) Mi + sM| (2M| - 3s) j , 

(286) 



167rsc2, (s - 4M|) '^sl 
+ 2 (4M| - 5sM| + s^) Mi + 2sM| (s - 4M|) , 
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^'-'-)o - 96nscl is^-AMl) HI ( " ^^^^ + ^° " ^^^) + ^^^^ + + ^-^^) ' 

^'-■-'I = (f-"4M|) ^4 (^""^ - ^^^^ + - ' 

^(-'-)3 = 96.ac^ (r-"4M|) a.g^ (^^ + ^) Mi + 6 - 4M|) (3M| + 2.) 

+ (s - 4M|) ' (4M| + s) Ml + Ml (s - 4M|) ' (4M| + lis) j , 

= 96..c^ (r-Vi) 3... ( - + -X + + ^^-^^ + ^-^) 

- s (124M| + IOsMI + s^) Mi + s^M| (26M| + s) j , 

q.,.)^ = - 24..d (r-i Ml) 34 (^^^ + - ^^^^ + ^^-^^ + 

+ s (20Mi + 26Mi + 3s^) M| + s^M%^ , 

^<-'e = 16..c^ (J -"4MI) - ^^^^^ + -^^) + 

- (8M| + 4sAf| + s') Mi + 2sM| (M| + s) ^ , 

= 16..c^ (T-'lil) 3., + ^) Mi + - 4M|) (4M| + 3a) M^ 

+ (s - 4M|) ' (2M| + s) Mi + 2sM| (s - 4M|) ^ j , (287) 

^'-■-'o = - 288..^c^ r 4M|) 3.. (^^^^ - + ^^-^^^ + ^^-^^^ + 

+ 12Mi (-6M| + 3sM| + 4s^) + 12Mi (44M| - 22sM| - 10s^M| + s^) ^ 

^^-'-)? = 48..^c^M| ( 4M|) 3.. (^^^^ + ^ (^^^ - 

+ s (8Mi + 13s) M| + 2s^ (s - 8Mi) M| - s^Mi j , 

^(-■-)^ = 48.s^e^M| r 4A.|) 3.. (^^^^ " ^^^^ " ^^^^MI 

+ Mi (-8M| - 8sM| + 16s^M| + s^) j , 

+ 5sM| + 8s")Mi + 4 (s - 4M|) ' (-8M| + sM| + 2s') Mi + M| (s - 4M|) ' (2M| + 7s) V 
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17s^)M| + s (-36M|r + 218sM^ - 86s^M|r + 9s^) M| - 2s^Mi (24Mi - IOsMI + s 

(-8M| + 60sM| - IOOs^mI - 22s^M| + s*) 



z) 

_ iKa 

~487rs2c2 M| (s - 4Af|) 44 

+ (96Mi° - 228sM| + 262s^M| + 42s^M| - As'^mI) M'h - 6sMz {-UM% + 38sM| - 2s^M\ 
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■ ^ - 4 (80M^ - 24sM| + s^) M| + 2(112M| + 44sM^ 



487rs2c2 (s-4M|)4s2^ 



- 48s^M| + 9s^)M| - 6 (6M| + 16sM^ - 38s^M^ + 20s^M| - 3s^) M| 
+ s (18M| - 144sM|r + 92s^Mi - 18s^M| + s*) M| + 2s^Mi (l2Mi - 7sM% + s^) ^ , 

= - 48..24(:%)4.^ (-6^^ + ^^^^ + '^') + 12 (. - 4M|) (-6MI 



+ 2sM| + 3s^)M^ + 2 {Is- 10M|) (s - 4M|) ^ (2M| + s) 
+ (s - 4M|) 3 (-4M| + AsMl + s^) 



U4tts^cI (s - 4M|) 3^2 



48M| + 26sM| - 3s^M| + 9s^M| + 



+ 12M|r (s - 11M|) (2M| - 2sM| + s^) + 12M^ (3M| - 4sM| + 3s^) 

(8M| - 5sM| - 2s^M| + M% (4M| - 10sM| + 7s^M| + s^) ) 



247rs2c2 Af| (.s - 4Af|) s.sl 
iix a 

"247rs2c2M|(s-4M|)34 
+ M|r (4M| - lOsMi + 7s^M| + s^)^ , 

= 48..2e2(r4M|)4.2 - 4.A.I + 3.^) + 6 (s - 4M|) (9M| 

- IOsMI + 6s^)Mi + (s - 4M|) ^ (16M| - 18sM| + 7s^) Ml + M| (M| + 4s) (4M| - s) ^ 
= - 48..2,2(r-4M|)4.2 (l2 (3M| - 4.M| + 3.^) M% - 2(88M| - 91.Af| 
+ 64s^M| + 8s^)Mji + s (84Af| - 26sM| + 76s^Af| + s^) M| + s'A^I (2M| - 21sM| - 8s^ 

6s (22M| - 16sM| + 7s^) M| + M^(4M| - 12sM| 



" ' 16Mz + 2hsM% - Us'^Mz 



247rs2c2M|(s-4M|)4s2 
■ 23s^M| + s^) + M'^ (-48Mi° + 90sAf| - 30s^M| + 58s^M| - 4s'' M|) 

= 24.s2c2 (f- 4M|) ^sl (^^^ " ^^^^ + ^-^) " ^^^^^^ " ^^^^^^ 
+ 84s^M| + lls^)Af]i + 2 (80A^| - 46sAf| + 24s^Af| + 31s^A^| + s"*) 

- 3sAf| (16A^| - 8sA^| + 16s^Af| + 5s^) Af^ + s^Af| (2Af| + 9s^Af| + s^) 

= 24.s^cM ^sl (^^- - + ^-^) + ^ ^^-) (12^- 

- 14s A/| + 9s^)Afi + (s - 4Af|) ^ (20Ar| - 22s Af| + lls^) Af| 

+ (s - 4Af|) 3 (2Af| - 5sAf| + s') ^ . 
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G.5 The improvement contribution 

The two form factors with the improvement contribution are given by 

^'^^\s, Ml, Ml, Mir, Ml, Ml) = 



'2 l2Tis'i c2 s(s-4Af|)^ 



I 2 



qmIs + smI 



+2M|(s + 2M|) Vo {s, Ml, Mw, Mw) + 2 (c^M|(8M| - 6M|s + s") - 2M| + 2M|s) x 

X Co (s, Ml, Ml, M^, M^, M^) + - 6M|s + 8M| + 2M|(s + 2M|) [Bo {s, mI, mI) 

-Bo {Ml, Ml, Ml) ] + (3M|s - 2MI{s - Ml)) [Bo {s. Ml, Ml) - Bo {s, mI, mI) ] 
+Ml (2Mi(s - Ml) + 8M| - 6M|s + s^) Co {s, Ml, Ml, Ml, Ml, Ml) 

+ (2Mi(M| - 4M|)(s - Ml) + sM|(s + 2M|)) Co (s, M|, M|, M|, M|, M^) 



2 487rs2 c2 (s-4M|)2 



/ 2 



AMlis ■ 



AMI) 

2 > 



+8M|(s - M|) Vo [s. Ml, M^, M^) + 2M|(s' - 2M|s + 4M| + 4c:,M|(s - 4M|)) 



X Co {s. Ml, Ml, Mir, Mir, Mir) 



+ 4M|4c^s(s - 4M|)"Co (s,Ml,Ml,M'^,M'lr,Ml 



+4Ml{s - 4M|) + (M|s(s + 2M|) - Mlis"" - 2M|s + 4M|)) [Bo {s, M|, mI) - Bo {s, Ml, Ml) ] 

+8M|(s - Ml) [Bo {s. Ml, Ml) - Bo {mI, mI, mI) ] + Ml {AMUs - AMI) 

+mI{s' - 2MZ'^s + 'lMl))Co {s. Ml, Ml, Ml, Ml, Ml) + (Mi(Mi - 4M|)(s^ - 2M|s + 4M|) 

+2m|s(s' - 6m|s + i4m|))Co (s, m|, mI,mI,mI,mI) 
G.6 Coefficients of the external leg corrections 



'^(F)O 



iKamjiCf' + CP){s 



■ 2Mi 



67vsl.cis{s-Ml){s-4Ml.) 



c: 



(I) i 
ml 



377s2c2s(s-M|)(s-4M|)2 

iKam){s - 2M|) 
127rs2c2,s(s-M2)(s-4M|)2 

+ 2Crs(s-4M|) 



M|(Cr + cD(s + 2M|) + Ci\s - AMl)s , 
{Ci'' + CD (4m^(s - 4M|) + 4M| + QMZ^s - s^) 



MI) 2 _ 



C. 



i Kam) Ml{Cl'^ + CP) 
37rslcls{s - Ml){s - AMI) ' 

ina rrif Cl ^ 



67rs2c2 (s - M|) 



37rs2c2,s(s-M|)(s-4M|)2 



= ~677S2C2S(S-Mi)(s-4M|)2[ 

+ 2Crs(s - 4M|) (m^(s - 4M|) + Ml) 



2M|(Cr + Ci^){s - Ml) + Ci^Mls{s - AMI 
{d ' + Ci^)Ml: (Am) {s - 4M|) + 4M| - 2M|s + s") 
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c: 



n 



c: 



(I) 1 

{I) 1 
(W)3 



(J) ' 
(W)4 



247rs2c2s(s-Mf)(s-4M|) 



12-Kslcls{s - Mli)(s - 4Ml.y 



+ sM|(12st - 20s^, + 1) + 2s^ 
_ iKa M% 



Ml{l - 2slf + 2Ml{-12sl + 32st - 2Qsl + 9) 



Mi(l - 2slf{s + 2M|) - 2(s^ - 1) (^2M|(124 - 20si + 9) 



2(4 - 1) \2M%{4.sl - 3) (124 - 204 + 9) 



I27,slcls{s-M%){s-AMIY 
+ 2M|s(-36st + 1484 - 163s^ + 54) + M|s^(124 - 96st + 125s^ - 43) + 4s^(24 - 3s^ + 1) 

- M|(1 - 24)' (M|(84 - 6) + 2A/|s(2 - 34) + s\sl - 1)) 



(294) 



^(W)i 
^(W)2 

(^(/) 2 



(i) 2 
(W)4 



12nslcls{s - M%){s - 4M|) 
0, 

i K a Ml 



M|(1 - 2slf + 2M|(-124 + 324 - 294 + 9) 



247rs2 c2,(s - Ml) 

IKoMz 



8s^ 13s^ ~\~ 5 



67rs2c2s(s-M|r)(s-4M|) 
3M|s (4(4 - 3)4 + 7) + M|s'(7 - 84) + s'(4 - 1) 
inaM 



M%Ml(l - 2sly{Ml -s)- 2{sl - 1) M|(124 - 204 + 9) 



/I 



Mil - 4M^(1 - 2s^,)14st - 3) + 2M|s(244 - 284 + 64 - 1) 



2A'Kslcls{s - Mjj){s - 4M|) . 
+ M|s^(-16/ + 124 + 44 - 1) + 2s'4(4 - 1)) 

+ 2(4 - 1) ^4M|(44 - 3)(124 - 204 + 9) - 2M|6-(244 - 524 + 64 + 15) 
+ M|s^(45 - Asl{sl + 13)) + 2M|s='(4st + 2sl - 5) - s^(4 - 1) 



(295) 



MI) 1 

"^(Z.ff)3 



c: 



(I) 1 



(2,-tf)6 



iKa{2Mjj + M|)(s - 2Af| 



= -c. 



2ATrslcls{s - Ml){s - AMI) ' 
(I) 1 _ z/tQ(M| -M|) 



(^■«)2 127rs2 c?,s(s - M|)(s - 4M|) ' 



2Anslclsis - M%){s - 4M|)2 



2Mjj{s - Ml:) + ZM%mIs + 2M|(4M| - 9M|s + 2s') 



9.nslcls{s - Mjj){s - AMl)^ 
iKa 

127rs2,c2s(s-M|)(s-4M|)2 



87rs2c2s(s-M|)(s-4M|)2 
inaM^ 



24ivslcls{s - M%){s - 4M|)2 



+ 2M| (8M| - 14M|s + 3s') 



2M^(s -Mz)- SMhMzS 



mI(s + 2M|)(4M| - Mil) + 2MIs{s - AMI] 



2M1j{s - mI){AMI - M%) - Mls{s + 2M| 



2M^(s - Ml) + Mti{AMl - 2M|s + s') 
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(I) ^ 



iKaM^(2Mjj + Ml) 
12t,sIcIs{s - M%){s - AMI) ' 
Ml) 2_ iKa{Ml-M'lj){s-2Ml) 
^(z,if)2 2Anslcls[s - Mjj){s - AMI) ' 



c; 



(Z,«)3 



487rs2 c2,s(s - M|r)(s - 4M|)2 



(J) 2 
(Z,W)4 

(/) 2 
(Z,ff)5 



c: 



(I) ^ 



Afi(4M| - 2M|s + s^) + MjiMls{s + 2M|) 

L 

M|(16M| - 28M|s + 18M|s^ - 3s^) 

- i6..2.,.(:!igf(._4Mi)2 - + - ^-(^ + 2^^) 

,.slclsis-Ml)(s-AMl)^ - 2^^)^ - - - ^^^^ 

M|(4M| - 2M|s + s^)(M|r - 4M|) + 2MZ^s(16M| - &M%s + s^) 

MfjiAMi; - 2Mls + s^) + 2M%M%(s^ - 4M^) 



iKaMff 
WTTslclsis - M%){s - 4Ml)^ 

i na 



487rs2 c2,s(s -Mjj){s- 4M|) 
- 4M|m|(8M| - 10M|s + 6M|s^ - s^) + 4M|s(s - 4M|) 

The one - loop graviton - Higgs mixing amplitude is given by 



(297) 



Knik) 



+ 12A {m)) + 2s - 12m/ 



2m t 



3(s — 4:rnj)B() (s, rre/, mj) 



2 2887r2s^, c„, Afzs 

+ 6(6M^ + Mi) (M^ Bo (s, M^, M^) + M^ - Ao (M^) ) 

+ s(l8M^ Bo {s, M^, M^) + ISM^ + M%) + ml{Mh + 6M| - 3s)Bo (s, M|, M|) 
+ 9MiBo (s, Mi, Mi) - 3(Mi + 6M|)A (M|) - 9Mi A (Mi) + 3(3Mi + MiM| 

+ 6M|) - s(2Mi + 9M|)| {st)^" - k^k") + i^,^^-^-—i^2cy,MwAo (M^) + MzAo (M|) j??''"' . 



(298) 
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